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Abstract
This thesis presents the development, validation and application of a numerical method for the calculation of 
laminar to turbulent transition effects for flows related to helicopters.
At certain conditions, as the rotor blades and the helicopter fuselage move through the fluid, the flow changes 
from laminar to turbulent. In order to accurately predict the flow, a Computational Fluid Dynamics (CFD) code 
should also predict this change and define the transition onset. The objective of this research would therefore be 
to develop a method to incorporate these transition effects inside the CFD solver, HMB. This computational code 
is a development of the Liverpool CFD group. The main developments canied out in the present thesis are: (i) the 
validation of the transition methods, (ii) the implementation of intermittency based transport models in the above code, 
(iii) the extension of the validation for the calculation of the transition flow around a helicopter fuselage and rotors.
Several transition modelling approaches have been proposed in the literature starting from simple algebraic 
expressions like the Michel’s method and moving to more advanced multi-equations models. To provide baseline 
data for comparisons, this work was first focused on the implementation of transition models based on empirical 
correlations. Although, these methods are simple to implement, they suffer from two main problems: (i) there is no 
theoretical basis for the validity of these models in unsteady flows and (ii) the models depend on integration of flow 
variables that must be carried out in a streamwise direction.
At a second stage, a recent transition model was also assessed. This model is based on local information and 
solves two extra partial differential equations similar to the ones used for two-equation turbulence models. However, 
it is not free of empirical correlations and longer CPU times was needed.
The lack of a universal treatment for modelling transitional flows, combined with the lack of detailed ex­
perimental data, makes the development and evaluation of transition models difficult. The accuracy of the selected 
models was assessed against the few existing experimental results. For the validation of the models on aerofoils, the 
experimental results from the LABM laboratory and ONERA were used. The data of the LABM laboratory include 
steady and unsteady tests cases for a NACA 0012 aerofoil. The second set of cases is from ONERA and includes 
experimental data for the steady compressible flows around the ONERA A aerofoil. For further comparison, the mod­
els were also assessed against the experimental data of the NLF-0416 and S809 aerofoils. For each of the aerofoil 
cases, the computations were also compared with the XFOIL code. Dramatic improvements in the computed surface 
pressure and skin friction distributions have been observed over those computed using conventional fully turbulent 
simulations. Corresponding changes are also observed in the computed lift and drag coefficients when the transition 
onset is predicted for the two-dimensional flows.
To validate further the models and improve their implementation on the HMB, another set of tests on more 
complex three-dimensional cases were considered. These cases included data from the ROBIN fuselage. This is a 
fuselage configuration where the transition boundary on tire fuselage has been visualised during recent NASA experi­
ments. Finally, rotor calculations in hover and forward-flight have been attempted and the results have been compared 
against existing experimental data.
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Chapter 1
Introduction
Helicopters are important flying machines, equipped with capabilities, enabling them to fly missions impossible for 
any other type of flying vehicle. Their unique ability of vertical take off and landing has made helicopters important for 
many civil and military applications. Although and regardless of the amount of rotorcraft research that has been can ied 
out during the last years, the ability to accurately predict the flow field around a helicopter in hover or in forward 
flight is still a challenge. In the helicopter flows, there are regions where different flow phenomena coexists while 
strong interactions between the different regions can occur. Hence, accurate predictions of power and performance 
for helicopters rotors even at conditions inside the flight envelope are challenging for the current Computational Fluid 
Dynamics (CFD) methods.
Regardless of the substantial work reported on improving the accuracy of the CFD tools in engineering pre­
dictions, especially in the turbulence modelling areas, numerical simulation of laminar-to-turbulent transitional flows 
remains an unsolved problem in fluid mechanics. An understanding of the phenomenon and what is physically hap­
pening in the transitional region, continues to be unknown despite more than a century of research work in this field. 
For most CFD calculations, the laminar flow is transformed immediately to turbulent and the transitional region is 
often ignored, even if the length of the later can occupy a large part of the domain.
The importance of the flow transition region has been recognised by many researchers and it plays a role 
in the performance of aerodynamic devices. Failing to accurately predict transition would result in erroneous flow 
variables, while transition modelling leads to correct estimations of skin friction and separation flow and results in
1
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better predictions especially for CFD codes.
1.1 Literature Survey
The main objective of the literature review was to gain an understanding of published works related to transition flow 
modelling and learn from their findings about the basic flow physics of the problem and the existing models. As this 
research is concerned with the effects of transition on rotorcraft, the survey was expanded with a search for existing 
experimental transition data. The papers are divided into three categories based on the cases used for the validation. 
Initially, work related to the work done on aerofoils are presented and are followed by works on helicopter fuselages 
and rotor blades.
1.1.1 Data and Work on Aerofoils
Johansen and Sorenson [1] compared transition predictions obtained using an empirical model (Michel criterion) with 
those obtained using a simplified eN method. The flow was computed using the SST fc — £0 two equation turbulence 
model. The results were computed using the EllipSys2D solver which is based on a multi-block finite volume discreti­
sation of the Reynolds averaged Navier-Stokes equations in general curvilinear’ coordinates. For the pressure-velocity 
coupling, the SIMPLE method was used and the solution of the momentum equations was obtained using a second 
order upwind scheme. For the calculation of the transition length, Johansen and Sorenson used the empirical method 
of Chen and Thyson modified by Cebeci. This model scales the eddy viscosity by an inlermillency function which is 
given by:
Gyir = 213[/0g(/?eVif,-) — 4.732]/3 (1.1)
For testing, two aerofoils were used, the NACA 0012 at Re = 3 x 106 and a 19% thick FX-66-S-196 VI 
Wortmann aerofoil at Re = 1.5 x 106. The predicted transition location obtained with the eN method was generally 
further downstream than with the empirical models although both methods compared favourably with measurements. 
The eN model resulted in better predictions and was more stable in comparison with the Michel’s criterion. The 
transition onset predicted by Michel’s criterion showed a more fluctuating behaviour than that predicted with the eN
method.
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In 2001, Brodeur ^ presented a boundary layer transition prediction methodology and applied it to a two- 
dimensional Reynolds averaged Navier Stokes solver. The baseline code was the incompressible INS2D using the 
artificial compressibility formulation. The NFL-0416 and the S809 aerofoils were used for their calculations.
For testing, Brouder considered the one-equation Baldwin-Barth and Spalart-Allmaras turbulence models. Be­
cause of some deficiencies in the velocity profiles generated by the Spalart-Allmaras model, all calculations utilised 
the Baldwin-Barth turbulence model. In general, the numerical results agreed well with the experimental data. It was 
shown that the transition model could simulate better the experimental data than the fully turbulence model. The model 
could even capture the developed bubble, as observed from the negative values of the obtain skin-friction. However, 
the model failed to capture some of the finer details of the instability growth in the laminar boundary layer.
Geissler presented results for the performance of various turbulence and transition models for unsteady 
separated flows. His findings were compared against existing experimental data and published numerical results. 
The time-dependent, compressible, Reynolds averaged Navier Stokes equations were solved using an implicit finite- 
difference method on body fitted C-type grids that moved with the aerofoil. The NACA 0012 was solved in harmonic 
oscillation and the Beam and Warming factored scheme was used. The spatial derivatives were calculated via central 
differences and kept second order accurate. A variety of turbulence models like the Baldwin-Lomax, the Spalart- 
Allmaras, the Wilcox’s k — co model and Menter’s SST k~ co model were used. None of the models managed to 
fully predict the dynamic stall cases. Only the Spalart-Allmaras model simulated reasonably well some of the flow 
physics, although it demonstrated a delay at the transition onset. A buffet case resulted in good agreement with the 
experiments although the configuration used was simpler than a normal supercritical aerofoil. Finally, Geissler 
showed that even if the same numerical scheme for the Navier Stoke equations and the same turbulence model was 
used for other flow cases, the produced results were not satisfactory, probably due to the fact that the details of the 
numerical implementation have an important influence on these very sensitive type of flows.
Hill explored the use of empirical models in the prediction of transition for aerofoils Reynolds averaged 
Navier-Stokes equations together with the K — co turbulence model of Wilcox. The empirical model of Michel^ 
was used for the onset and extend of the transition flow. The model was demonstrated for two values of Re and for 
the NACA 0012 and Aerospatiale A (or ONERA A) aerofoils. It was also used to study the transitional flow of an 
hovering rotor but in a decoupled fashion. For the NACA 0012 aerofoil, the comparison of the computed and measured 
data was good for either Re = 105 or 2.88 x 106 which were considered as low and high Reynolds number test cases
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respectively. For small incidence angles, the transition location was measured although for higher incidence angles, 
the computed transition location was generally aft in comparison with the experimental data but the prediction was 
acceptable. During calculations with the Aerospatiale A aerofoil, it was observed that the computed skin friction, 
pressure distribution and boundary profiles showed improvement in comparison with the fully turbulence model.
The employed experimental data were provided by Bert on et al. ^ for studying the steady and unsteady bound­
ary layer behaviour and the periodic separation process occurring on a NACA 0012 aerofoil oscillating in pitch. Their 
setup can be seen in the figure 1.1 (a) and consists of an oscillating device located underneath the wind tunnel test 
section which drives the pitching motion of the aerofoil according to:
a(t) = ab+A(o!cosco/) (1.2)
where (Xq is the mean incidence and co the rotational frequency. Flow visualisation was carried out using small 
particles illuminated by a laser light sheet near the mid-span plane of the model wing. The optical head of the 
Embedded Laser Doppler Velocimeter (as seen at figure 1.1(b)) was installed on the oscillating frame giving it the 
ability to move together with the pitching aerofoil. At high angles of attack, the separated flows occurring on the 
upper surface of the aerofoil were due to the bursting of the leading edge bubble. On the other hand, at lower pitching 
angles with no separated flow, the bubble remained located close to the leading edge and its size was small. The 
height of the bubble can be observed due to the fact that few particles are entering into the bubble. Berton studied 
qualitatively and quantitatively the steady and unsteady flow physics around the NACA0012 aerofoil in 2D and 3D flow 
configurations. Attention was given to the creation and growth of the laminar separation bubble and the reaction of the 
bubble as the angle of attack was increased or decreased. The flow features around the aerofoil were analysed using 
flow visualisations and velocity measurements. As the angle of attack increased, the length of the bubble decreased 
although its height kept increasing.
Savillevaluated turbulence models for transition under the influence of free-stream turbulence. The assessed 
models include: correlation/mixing length and integral methods,a range of one-equation models, k-e, k-6), k-T and 
k-e/k-1 two-equation models, various RST closures, different sub-grid models for Large Eddy Simulations and finally 
Direct Numerical Simulations. The objective was to test the ability of current turbulence models to predict the effect of 
variable intensity, isotropic, free-stream turbulence on the initial development and subsequent transition of a laminar 
boundary layer, in either zero or favourable-to-adverse pressure gradient representative of an aft-loaded gas turbine
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Oscillating model^
Measuring
expander
(a) LABM Wind tunnel configuration (b) Embedded Laser Doppler Velocimeter
Figure 1.1: Wind tunnel configuration and the Embedded Laser Doppler Velocimeter of LABM |7).
blade. The test cases showed that none of the current models are sufficient for transition prediction. Improvements in 
the models will come from a better appreciation of the physical processes occurring at low-Re flows as distinct from 
low-Re near wall flows. Models that satisfy the wall-limiting conditions for u, v and e, are better at predicting transition 
than those that satisfy either one or neither of these. Models that employ damping factors are more appropriate for the 
prediction of low-Re transitions regions than ones that introduce a dependence on wall-proximity. The former models 
contain functions of the wall distance and that is the reason for not predicting the transition flows correctly.
Stock I91 used the coupled Navier-Stokes equations with eN transition prediction to validate the natural tran­
sition aerofoil experiments in wind tunnels for which the limiting factor N was not known a priori. The NFL-0416 
laminar aerofoil and the NACA bToAOlS section where chosen for the validation and were tested in the low-speed 
NASA Langley Low-Turbulence Pressure Tunnel LTPT and in the NASA Ames 12-Foot Pressure Tunnel, respec­
tively. Both aerofoils were tested under different Reynolds numbers and a range of different angles of attack were 
used. This work illustrated some deficiencies in the predictive capability of the eN method.
Moens et al. I10' within the EUROLIFT EU presented the measurements of the transition location and the 
predictions on a generic high-lift swept wing. An experimental database was built and the effect of Reynolds number 
on transition location was studied. The transition location was computed and not imposed a priori. The ONERA AFV 
model was used and it was tested at two sweep angles, <j) — 30° and 0 = 40° and for a range of Reynolds numbers. 
The aerofoil was equipped with a number of pressure taps and hot films. The paper demonstrated only the results 
for 0 = 40f\ a slat leading edge 8siat = 30° and a flap 8fiap = 200. A structured multi-block mesh was used together 
with the elsA code. For Re — 7.5106 and M = 0.2, the turbulence models of Spalart-AUmaras, Wilcox’s k — 0) and
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Smith’s k — 1 were tested at three different angles of attack. It was apparent that the k — co model overestimated the 
pressure peak on the slat and the main wing and did not result in the correct lift coefficient. On the other hand the 
Spalart-Allmaras and k — 1 models were satisfactory. It was observed that as the Reynolds number increased, the 
upstream displacement of the transition location at low angles of attack was correctly simulated. For the calculation of 
the transition location, the Arnal-Habiballah-Delcourt (AHD) criterion[11,12] in combination with the Gleizes criterion 
for the Tollmien-Schlichting instabilities were used. For transition due to cross-flow, the Cl criterion112,13^ was used. 
The computation started with fully turbulent models and then the transition location was calculated up to convergence. 
It was reported that the elsA code agreed with the experiments when computations took transition criteria into account 
and even captured the separation bubble.
1.1.2 Data and Work on Helicopter Fuselage
For many years, little attention has been devoted to the research of the helicopter fuselage aerodynamics. However, 
the fuselage can significantly affect the overall performance of the helicopter at all flight conditions. Fuselage drag 
amounts to 50% of total helicopter drag in high-speed flight and its reduction is a major design target. Currently, 
several research programmes funded from EU and NASA involve investigation of helicopter aerodynamics. The aim 
of fuselage flow modelling is to better predict the drag of the overall aircraft and improve understanding of how this 
might be reduced.
Table (1.1.2) presents a summary of the rotorcraft simulations reported in the literature.
It was in 1979 when Freeman and Mineck'141 conducted a series of wind tunnel tests over a helicopter fuselage 
at Langley subsonic wind tunnel. The tests were carried out with a specially created fuselage geometry. This geometry 
is representative of a wide range of helicopter fuselages without being specific to any and is known as the Rotor Body 
InteractioN (ROBIN) geometry. A large amount of experimental data on fuselage were gathered but they were not 
analysed. Freeman and Mineckll4J looked at time-averaged surface pressure measurements, with and without a rotor 
present.
After the initial study in 1979, there were several subsequent studies to address the interaction between rotor 
wake and fuselage. These studies tried to impose a rotor solution onto a fuselage solution.
In an effort to closely replicate the wind tunnel environment, Mineck included the ’sting’ support of the
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Model Paper Rotor Fuselage CFD Exp
ROBIN Mineck & Gorton 
Freeman & Mineck[141 
Freeman
Chaffin & Berry t|7J 
Mineck ll8J
Chaffin & Berry ^ 
Berry et al
Schweitzer
Boyd et al. ^
Sides et al.
* * *
* * ^
* Hi
Hi Hi Hi
H: H: H:
H= H=
H: H: H:
* Hi
Hi Hi Hi
* Hi H:
Dauphine Costes et al l24J
Berry & Bettschart ^ 
Sides et al. ^23^
H= H=
Hi Hi Hi H=
H= Hi Hi Hi
BOI05 Splettstoesser et al. l2C)J 
Khier et al [27]
H= Hi Hi
H= H= H:
Apache Schweitzer 121J Hi Hi
Table 1.1: Summary of the rotorcraft simulations.
tunnel model in the simulation. The results were compared against the steady pressure data from the original 1979 
reportand correlated closely, when evaluated with the sting in place. Without, the predicted flow field in the 
vicinity of the sting is not in agreement with experiment, although the discrepancies do not propagate widely. Com­
parison between the newer unstructured code and the earlier structured thin-layer Navier Stokes solver[19] reveal larger 
differences.
In 1999 there was another effort, also at Langley which used the code PUMA to study various difficult 
geometries including the ROBIN and the Apache. The steady inviscid solution method was partly adequate for the 
isolated fuselage, but future development to rotor-fuselage interaction required a much better solution technique for 
unsteady flows. The thesis by Schweitzer l21] was a feasibility study in preparation for an unstructured approach to a 
complete rotor-fuselage model.
Till recently, there was a lack of detailed experimental data on the area of transition modelling for rotorcraft 
applications. In 2005, collaborations of European universities and helicopter companies launched the Generation 
of Advanced Helicopter Experimental Aerodynamic Database for CFD code validation also known as GOAHEAD 
project. The project used a model similar to a modern transport helicopter consisting of the main rotor, the fuselage 
and the tail rotor and it took place at the DNW LLF wind tunnel in the Netherlands. Beside, the wide range of 
measurements, like global forces, steady and unsteady pressures, the GOAHEAD project produced some transition 
data. On the other hand, the placement of hot films on tire surfaces triggered the flow and the full free development of
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transition was not observed.
1.1.3 Data and Work on Rotor
Rotary wing applications have been the subject of extensive numerical research since the advent of CFD. This is due 
to the complexity of rotor flows which makes CFD analyses significantly harder. There are several factors contributing 
to this difficulty and they can be grouped into two categories. Initially, the flow physics of a rotating wing is rich 
in terms of fluid phenomena. Phenomena like laminar to turbulence transition, strong vortices interacting with each 
other and with the rotor blades and formation of wake behind the rotor ar e some of the issues that CFD methods have 
to cope with. Moreover, a second category of problems conies from the strong link between the aerodynamics and 
dynamics of the rotor blades. It is almost impossible to consider one without the other and the link between the two is 
the balance of forces acting on the rotor, Problems like the trimming problem complicate the numerical simulations of 
rotors in forward flight^281.
In 2000 full Navier-Stokes solutions for rotors remained too expensive in terms of CPU-time, so a hybrid 
schemes were proposed, Boyd and et al. [22] coupled a thin layer Navier-Stokes with a pressure jump boundary con­
dition based on a Generalised Dynamic Wake Theory Iterative calculation of the rotor loading. The methodology is 
similar to that of Chaffin and Berry f17^. At that time, full Navier-Stokes solution of rotors and fuselage with Chimera 
grids were too expensive and only proof of concept studies could be conducted.
As the power of computers increased, NASA worked again on the results of their first attempt of 19791141. The 
main intention was to provide usable data for validation of more powerful CFD techniques. The tests were earned out 
at four different advance ratios and three thrust coefficients. The rotor was mounted above the fuselage and the entire 
rotor system could be tilted, as well as having a fully articulated hub. Rotors loads and moments were measured. The 
surface pressure was measured on the fuselage at a range of stations. Pressure drag and skin friction increased with 
advance ratio.
1.2 Objectives
The main aim of this research is to develop an improved predictive capability for helicopter flows. As transition plays 
an important role in aerodynamics, this project aims to develop better CFD methods with transition modelling that are
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robust and effective for industrial applications.
The objectives of this research effort can be summarised as follows:
• To investigate the effects and behaviour of transitional flows around steady and unsteady aerofoils, around 
helicopter fuselage and around helicopter rotors.
• To develop and implement boundary layer transition models for aerofoils, helicopter fuselages and rotors.
• To validate and verify numerical methods by comparison of computed results with experimentally measured 
data and independent calculations.
• To explore newly developed K — co — y— Rcq models for transition predictions.
1.3 Thesis Outline
The remaining of this thesis is organised as follows:
Chapter 2 introduces the governing equations for the compressible fluid flow along with the formulation for 
the moving coordinate systems. This chapter contains details for the employed solver used in this work, the Helicopter 
Multi-Block (HMB) solver. The different transition models implemented in the code are also explained. Firstly, the 
principles of the empirical correlation models of Michel and Cebeci Smith are presented. Then the main points of the 
K — (D — y — Reg model are described. The implementation of the latter model in the solver is presented in Appendix 
A.
Chapter 3 summarises the experimental data and conditions for the two dimensional test cases. The experi­
ments carried out by ONERA and LABM are presented in this chapter. These tests took place over a range of param­
eters. Data for different Reynolds number, Mach number and free-stream turbulence intensity are presented. Besides 
ONERA A and symmetric NACA0012 aerofoil, the flow around the NLF-0416 and SS09 aerofoil are discussed. Also 
in this chapter, the computational results for each a aerofoil are presented. The lift and drag produced from the code 
with the implemented transitional models are compared again the existing experimental data and the XFOIL code. 
The estimated surface pressure and skin friction coefficients are presented while the location where transition starts is 
indicated.
Chapter 4 discuss the experimental data for more complex three dimensional cases. The ROBIN fuselage 
case is explained while data from a fast forward flying UH60 and a hovering rotor are presented. The results from
CHAPTER 1. INTRODUCTION 10
transitional models are compared against the fully turbulent computations and the existing experimental data. The 
changes of the surface pressure coefficient and the transition onset on the ROBIN fuselage are presented in this chapter. 
The research is also extended to a fast forward flying UH60 and a hovering rotor.
Chapter 5 concludes the thesis and offers suggestions for future work.
The appendices offer more details on the implementation of k — co — y— Rcq model. While, the last part is 
devoted on the experimental work was conducted as part of this thesis.
Chapter 2
Physics and models for transitional flows
2.1 Computational Fluid Dynamics
AH computations in this thesis were performed using the Liverpool Helicopter Multi-Block (HMB) solver. The flow 
solver has been continually revised and updated over a number of years and has been successfully applied to a variety 
of problems including cavity flows, rotors, wind turbine and full helicopter configurations among others. The code is a 
3D multi-block structured solver for the Navier-Stokes equations. The Navier-Stokes equations are Partial Differential 
Equations (PDEs) that describe the tluee fundamental laws of conservation:
1. Conservation of Mass ( Continuity Equation).
2. Conservation of Momentum (Newton’s 2nd Law).
3. Conservation of Energy (1st Law of Thermodynamics).
11
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The continuity equation simply states that the mass must remain the same. In Cartesian coordinates, the law is 
written as:
r)n f-3 fni/A
(2.1)dp + d(puj) = 0
dt dxi
where p is the density of the fluid, t is the time and iij is the velocity vector. The Einstein’s summation is used here 
and subscript i represents x,y, or z.
The second principle is Newton’s Second Law and states that momentum is conserved. Written in Cartesian 
coordinates, it reads:
d + d (P“d0‘)
dt dxj
where represents the body forces, p the pressure and t,-j the viscous stress tensor. The latter can be defined as
Tij = p
diij dilj\ ditk
^ dxj dxj ) 3 ‘J dxf; _
(2.2)
(2,3)
p is the molecular viscosity and 5(y represents the Kronecker delta,
The third principle can be written in Cartesian coordinates as
dpE d t d , \ n
+ k (PE + p)] - 37" {"rtj - Qj) = °-V dxj
(2.4)
dt dxj
and represents the First Law of Thermodynamics. In the above equation of Energy Conservation, E is the total energy 
of the fluid, defined as
E =
1
£ + -«/«/ (2.5)
and e is the specific internal energy with ipUi representing the kinetic energy per unit volume of fluid. 
The heat flux vector, cp, is calculated using Fourier’s Law of heat conduction
iaT
q> = -k3l, (2.6)
where k is the coefficient of thermal conductivity which is a material property and T is the temperature of the fluid.
An ideal gas approximation is used and the adiabatic index is set to y = 1.4. Sutherland’s law is used to 
calculate the viscosity:
P = AW(
T , 3 Tref + S
(2.7)
'TrefJ T + S
where S is the Sutherland temperature ( S= 110.4[K]) and pref is the reference viscosity at the reference temperature 
Tref. The values for the last coefficients are 1.716 x 10_5[(^y] and 273.15 [K] respectively.
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2.2 Vector Form of the Conservation Laws
The three laws of conservation can be combined and written in a convenient compact vector form, which is referred to 
as tire Navier-Stokes equations of viscous flow and is given below:
<5 W d (P + P') d (G! + G1’) d (H' + H*’) _
dt dx dy dz
W is the vector of conservative variables and is defined by
W = (p,pu,pvypw,pE)r
(2.8)
(2.9)
where the variables p, it, v, w, p and E have their usual meaning, density, three components of velocity, pressure 
and total energy, respectively. The superscripts i and v in Equation 2.8 denote the inviscid and viscid components of 
the flux vectors F (in the x-direction), G (in the y-direction) and H (in the z-dircction). The inviscid flux vectors, F(, 
G' and H', are given by
F' = (pu,pu2 p,puv,puw,ii (pE +p))T,
G' = (p^puv.pr^+p^vv^vtpE + p))7^, (2.10)
Hr — (pWipuw^vWjpw2 + p,w(pE+ p))T.
while the viscous flux vectors, F*’, Gv and H’’, contain terms for the heat flux and viscous forces exerted on the 
body and can be represented by
F = (0, tyv, tyv, tyz,utyv + vtyv + wzxz + qx) ,
GV = (0, TVV; Tyy, %, UTVV + VTVy -f- WTyz + qy)T , (2.11)
H = (Oj Tyz, TVZ) Tzz, i/Tvz + VTvz + WTZZ T (]?) . 
where the term T,y represents the viscous stress tensor and q, the heat flux vector.
2.3 Solution Method
The HMB solver uses a cell-centered finite volume approach combined with an implicit dual-time method. This means 
that the solution marches in pseudo-time for each real time-step to achieve fast convergence.
According to the finite volume method, the RANS equations can be discretised for each cell as:
(2.12)
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where 7^* denotes the cell volume and R/j^- represents the flux residual.
The implicit dual-time method proposed by Jameson'29^ is used for time-accurate calculations. The residual is 
redefined to obtain a steady state equation which can be solved using acceleration techniques. The following system 
of equations are solved in the implicit scheme during the dual-time integration process:
AFW'"+I - AVWf;. AFW'.'j! - AVW" .,
______ ____________________________i,J^__________*iJA _
AVAt AVAl ~ iJ'k (2.13)
where AV is the change in cell volume, At is the pseudo time-step increment and At is the real time-step increment. 
The flux residual R'.'tJ. is approximated by:
R■w“^M + g^(wwi-ww) (2.14)
(2.15)
By substituting eqn. (D.3) into eqn. (D.2), the resulting linear' system can be written as:
where the subscripts /, j, k have been dropped for clarity and AW is used for — W'.'^ ^.
Osher’s upwind scheme [30] is used to resolve the convective fluxes although Roe’s flux-splitting scheme 
is also available. The Monotone Upstream-centered Schemes for Conservation Laws (MUSCL) variable extrapolation 
method'32' is also employed to formally provide third-order accuracy. The Van-Albada limiter is also applied to remove 
any spurious oscillations across shock waves. The central differencing spatial discretisation method is used to solve 
the viscous terms. The non-linear system of equations that is generated as a result of the linearisation is then solved by 
integration in the pseudo-time using a first-order backward difference. A Generalised Conjugate Gradient (GCG)[33] 
method is then used in conjunction with a Block Incomplete Lower-Upper (BILU)'33' factorisation as a pre-conditioner 
to solve the linear- system of equations, which is obtained from a linearisation in pseudo-time.
The HMB flow solver can be used in serial or parallel mode. To obtain an efficient parallel method based 
on domain decomposition, different methods are applied to the flow solver E34]. An approximate form of the flux 
Jacobian resulting from the linearisation in pseudo-time is used which reduces the overall size of the linear system by 
reducing the number of non-zero entries. Between the blocks of the grid, the BILU factorisation is also decoupled 
thereby reducing the communication between processors. Each processor is also allocated a vector that contains all 
the halo cells for all the blocks in the grid. Message Passing Interface (MPI) is used for the communication between
the processors in parallel.
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A number of turbulence models have been implemented into HMB, The one-equation SA turbulence model1351, 
two-equation Wilcox k—co [36] and Menter’s k — (0 Shear-Stress Transport (SST)1371 turbulence models were imple­
mented for this project. All these turbulence models and indeed the simulation techniques are described in greater 
detail in the following sections.
2.4 General Description of Turbulence and its Modelling
Turbulent flows contain structures which show rapid fluctuations in time and space. A broad range of scales are 
observed to exist at high Reynolds numbers where turbulence develops as an instability of the laminar flow. Starting 
with the laminar flow, fluid layers slide smoothly past each other and the molecular viscosity dampens any high- 
frequency small-scale instability. At high Reynolds number, the flow reaches a periodic state. The character of the 
flow also changes and becomes more diffusive and dissipative. This flow has increased mixing friction, heat transfer 
rate and spreading rate. Boundary layers consequently become thicker and less susceptible to separation.
The non-linearity of the Navier-Stokes equations leads to interactions between the turbulent fluctuations of 
different wavelengths and directions. Wavelengths extend from a maximum comparable to the width of the flow to a 
minimum fixed by viscous dissipation of energy. A key process that spreads the motion over wide range of wavelengths 
is called vortex stretching. Turbulent structures in the flow gain energy if the vortex elements are primarily orientated in 
a direction that allows the mean velocity gradients to stretch them. This mechanism is called production of turbulence. 
The kinetic energy of the turbulent stmetures is then convected, diffused and dissipated.
Most of the energy is carried by the large scale structures, the orientation of which is sensitive to the mean flow. 
The large eddies cascade energy to the smaller ones via stretching. Small eddies have less pronounced preference in 
their orientation and statistically appeal' to be isotropic. For the shortest wavelengths, energy is dissipated by viscosity. 
This description corresponds to what is known as isotropic turbulence. For this flow, the ratio of the largest to smaller 
scale increases with Reynolds number.
A turbulence model therefore needs to account for some part of the fluctuating motion in order to keep the 
computing cost down. The optimum model should therefore be simple to implement, general and derived out of 
the flow physics. It is equally important that the model is computationally stable and co-ordinate invariant. These 
statistical turbulence models are applied to a special form of the equations of motion called the Reynolds-Averaged
CHAPTER 2. PHYSICS AND MODELS FOR TRANSITIONAL FLOWS 16
Navier-Stokes (RANS) equations.
2.5 Averaged Equations
In a turbulent flow, the fields of pressure, velocity, temperature and density vary randomly in time. Reynold’s approach 
involves separating the flow quantities into mean and random parts. The quantities are presented as a sum of the mean 
flow value </) and the fluctuating part <p':
0 = 0+0' (2.16)
This formulation is then inserted into the conservation equations and a process known as Reynolds averaging 
is performed. Three averaging methods are possible:
• Time Averaging.
• Spatial Averaging.
• Ensemble Averaging.
2.5.1 Time Averaging
Time averaging is the most common averaging method. It can only be used for statistically stationary turbulent flows, 
i.e. flows not varying with time on the average. For such flows, the mean flow value is defined as:
(2.17)
In practice, T —>■ means that the integration time T needs to be long enough relative to the maximum period
of the assumed fluctuations.
2.5.2 Spatial Averaging
Spatial averaging can be applied to homogeneous turbulence. This turbulent flow is uniform in all directions, on 
average. In this case, a parameter is averaged over all tire spatial directions by performing a volume integral. The 
mean flow value is defined as:
(2.18)
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where V represents the volume of the domain.
2.5.3 Ensemble Averaging
The most general type of averaging is called ensemble averaging and is applicable to flows that decay in time, for 
instance. This method of averaging is similar to time-averaging but rather than dividing by the integration time, T, the 
mean flow value is obtained by taking a sum over all the measurements or samples, N, and is defined by:
(2.19)
2.6 Reynolds-Averaged Navier-Stokes Equations in Compressible Flow
Although the Navier-Stokes equations describe adequately turbulent flows, the large number of temporal and spatial 
turbulent scales associated with high Reynolds numbers make it difficult to resolve all the turbulent scales computa­
tionally. In such circumstances, the averaging of the equations for the conservation of mass, momentum and energy 
leads to the creation of the Reynolds-Averaged Navier-Stokes (RANS) equations. The time-averaged mass and mo­
mentum equations take the following form:
diij
dxj
d(pui) d (pitjiij)
dt d.Xj
_r dp d , R\
(2.20)
From eqn (2.20) is obvious that the continuity equation remains the same since it is linear’ with respect to 
velocity. However, extra terms appear- in the momentum equation due to the non-linearity of the convection term. The 
extra terms are called the Reynolds Stresses, zjj, and in tensor notation are —pu'jU’j. A similar result is obtained for 
the energy equation. The main problem in turbulence modelling involves calculating the Reynolds stresses from the 
known mean quantities. One common approach is the Boussinesq’s approximation.
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2.7 Boussinesq-Based Models
The Boussinesq approximation is based on an analogy between viscous and Reynolds stresses and expresses these as 
a product of the eddy viscosity and the velocity gradient. The Boussinesq’s eddy viscosity hypothesis states that:
-plt'jll'j = Jlt
diij
dxj
diij
d.Xj
2 ~ duk 
3°Udxk (2.21)
where k represents the specific kinetic energy of the fluctuations and is given by
*77
2
(2.22)
The key idea behind Boussinesq’s hypothesis is that the Reynolds stresses can be calculated as a product of the dynamic 
eddy-viscosity, jit, and the strain-rate tensor of the mean flow.
2.8 Turbulence Closure
To compute the eddy viscosity /if, further modelling is required and it is at this point that turbulence models come 
into play. Turbulence models are classified into categories based on the number of transport equations required to 
calculate /f. According to the number of transport equations needed for the calculation of the eddy viscosity, the 
Boussinesq-based models are classified as:
* Algebraic or zero-equation models, such as the Cebeci-Smith (3S] and Baldwin-Lomaxl39] models.
• One-equation models, such as the Spalart-Allmaras l35-1 and Baldwin-BarthI40J models.
* Two-equation models, such as the k — co [41], k — £ [42] and SST[43] models.
• Multi-equation models: three-equation '44^6', four-equation f47^, five-equation t48'49! and multiple time­
scale t50-52l models.
An additional family of models solves equations for all components of the Reynolds stress tensor. These 
are also known as Reynolds Stress Models (RSM), second-order closures or second-moment closures and Algebraic 
Reynolds Stress Models or (ARSM).
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2.8.1 Viscosity-Dependent Parameters
The non-dimensionalised wall distances for turbulent flow, (y*), and laminar flow, (y+), are defined as:
y = (2.23)
where y„ is the distance of a fluid point to the nearest wall, uz = y/'iw/p is the friction velocity and tw 
represents the dynamic wall shear- stress. Turbulent Reynolds numbers for the k — e model (denoted by Rj) and for 
the k — 0) model (denoted by Ra) are given by the following equation:
Rt Rm —ve vto
The term e is the dissipation rate of k per unit mass of fluid, and is usually defined by:
e = v
dll'; dll';
dxk dxk
while the term co is the specific dissipation rate and is defined by:
eto =
k Cm
(2.24)
(2.25)
(2.26)
2.8.2 Algebraic Models
The simplest turbulence models are the algebraic or zero-equation ones, that consist of algebraic relations to define 
the local eddy viscosity. The models are based on Prandtl’s Mixing Length hypothesis and the most representative 
example is the Baldwin-Lomax^ algebraic model. It was developed in 1978 and it uses two different formulations 
for the inner and outer regions of the boundary layer. It can provide reasonably accurate predictions for turbulent 
boundary layers, as long as the pressure gradient is not too large, having the advantage that does not require evaluation 
of the boundary layer thickness. However, this model over predicts the drag coefficient[53J and is problematic for 
complex geometries and massively separated flows. The Cebeci-Smith’s model is also popular and works well in 
subsonic equilibrium turbulent boundary layers. Between these two models, the major difference is in their treatment 
of the outer layeri54'.
2.8.3 One-equation Models
As an alternative to the algebraic models, one-equation models have been developed to improve turbulent flow pre­
dictions by solving one partial differential equation. This type of model was designed to improve on the ability of
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algebraic models to account for the convection and diffusion of turbulence by capturing some of the flow history ef­
fects on the eddy viscosity. This was accomplished by employing an additional transport equation, usually for the the 
kinetic energy of turbulence1541, k . In his book, Wilcox 1551 provides a general form of this transport equation which 
has the following form:
dk dk ditj d
Pfr+p,'J3^ = Zlid7j~P‘1 + 'tej
dk
dx;
-puWj-p'u'j (2.27)
The first term on the right-hand side represents the production of turbulence. From the terms in
the square brackets, the first (p is the molecular diffusion term, the second {u'.u'.u'j) is the turbulent flux of the 
turbulent kinetic energy and the third is the pressure diffusion term, which is usually neglected due to its small
contribution.
The eddy viscosity for one-equation turbulence models is usually calculated by:
A4=pCp/v^ (2.28)
where Cp is a coefficient specific to the model and 1 is the turbulent length scale, a quantity to describe the size of the 
large eddy in a turbulent flow.
The Baldwin-Barth1401 and the Spalart-Allmaras1351 are the most common one-equation models. Flow history 
effects on the turbulent kinetic energy are better accounted for in one-equation models due to the additional differential 
equation mid this can be particularly important in unsteady non-equilibrium flows. Specially tuned for aerodynamic 
flows with adverse pressure gradients and transonic flow conditions, the one-equation models work well for flow 
regions where the mean velocity gradient is zero. Better prediction of near-wall effects and transition, can also be 
integrated into their formulation by adding extra source/sink terms. For the above reasons, one-equation models have 
gained popularity in aerospace applications. The disadvantage of one-equation models is that no mechanism for the 
computation of the length scale, /, is included making the prediction of highly turbulent flows (with a broad range of 
length scales) difficult. In that respect, one-equation models are still similar to algebraic models.
Spalart-AIImaras Turbulence Model
The Spalart-AIImaras1351 one-equation model is similar to the Baldwin-Barth, but was developed later. This model 
was assembled using empiricism and dimensional analysis. This model is based on a single transport equation for a
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non-dimensional quantity v which is equivalent to the eddy viscosity vt far from the wall. The transport equation for 
the model is given as:
~ = cb\Sv + ^[V((v + v)vv + cw(Vv)2] - cwlfw[^]2 (2.29)
where the turbulent viscosity v, is linked to the variable v
v, =/viV, /vi = r
X*+cU
(2.30)
and v is the molecular viscosity.
The first term on the right hand side of the eqn. (2.59) deals with the production of turbulent viscosity. The 
third term is a sink term and will decrease the eddy viscosity if cwifw >
The transport equation requires the knowledge of a number of intermediate functions and variables. The 
modified strain rate for the Spalart-Allmaras turbulence model and the function fV2 are given as:
s-s+j&f* ^ = >-1^7 (2'31)
where S is the magnitude of vorticity.
The wall function fw is given as:
(2.32)
«6+<3
where the intermediate variables are calculated as:
g = r - cw2(r6 - r), V
Sk2d2
(2.33)
Values for the Spalart-Allmaras turbulence model are given in table (2.8.3):
Constant Cbl cr Cbl K C'wl Oi'3 Cyl
Value 0.1355 2/3 0.622 0.41 0.3 2 7.1
Table 2.1: Closure coefficients for the SA model^35^.
The constant is defined as
Cbl , (l+cta) c,1,1 = _ +---------- (2.34)
<y
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2.8.4 Two-Equation Models
By far the most popular type of turbulence model used is of the two-equation type. Two-equation models are ‘com­
plete’, i.e. can be used for predicting properties of a given flow with no prior knowledge of the turbulence structure or 
flow geometry. Two transport equations are used for the calculation of the turbulent kinetic energy, k , and turbulence 
length scale, l, or a function of it. The choice of the 2nd variable is arbitrary and many proposals have been presented. 
The most popular involves using:
• e : dissipation rate of turbulence.
• co : ^-specific dissipation rate.
• t : turbulent time-scale.
One of the original versions of this type of turbulence models and still widely used is the k — £ model. This 
model was developed by Jones and Launder [42] in 1972. The turbulence scale in the k - £ model is calculated using 
a second transport equation for the turbulent dissipation rate, e. The eddy viscosity for the k — £ model is typically 
derived from:
Mr = C^p-k2 (2.35)
where CM is a model coefficient. The advantage of the k — £ model is that it performs well for attached flows with 
thin shear layers and jets but fails to predict the correct flow behaviour in many flows with adverse pressure gradients, 
extended separated flow regions, swirl, buoyancy, curvature secondary flows and unsteady flows.
Another widely used model is the k—0) model. In 1988, Wilcox [4IJ developed the famous k~ co model 
which was originally conceived by Kolmogorov. The k — co model is similar to the k — £ model but instead uses the k 
-specific dissipation rate as a second variable to compute the turbulent length scale. The eddy viscosity is obtained by:
kHr=p- (2.36)
Although the k — co model provides better performance in adverse pressure gradient flows, it suffers largely 
from the same problems as the k — s model. Hybrid versions of the k—co and k — e models called the Baseline k~ co and 
SST models were later introduced by Menter ^. These and in particular the SST version, perform better in separated 
flows. The idea behind the Baseline k — co model is to exploit the robust and accurate formulation of the k—co model
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near the wall but to also take advantage of the lack of sensitivity to free-stream values of the k—e model away from 
the wall. Menter ^ achieved this by transforming the k — e model into the same format as the k — co formulation. 
This process generated an additional cross-diffusion parameter in the a transport equation. For the SST modelr43], 
Menter’s idea was to improve the Baseline k — (0 model by including terms to account for the transport of the principal 
shear stress.
Model equations: k—co
The mathematical formulation of the different types of the linear k— co two-equation turbulence models discussed in 
the previous sections are described here. Since the introduction of the linear k— CO model by Wilcox in 1988 [41^, 
the other notable modification to the k — CO model came from Menter in 1994 1431 who proposed the hybridisation of 
the k—co model with the k—e model, as described previously. Table 2.2 lists the four most popular versions of the 
k—co models.
Researcher Model
Wilcox (1988)141J linear k—co
"Wilcox (1994)15(4 k—co
Menter (1994) Baseline Model
Menter (1994) l43J SST Model
Table 2.2: Different types of linear k—CO turbulence models
The turbulence transport equations used in the formulation of the k—co models are given by:
//; \ dk
dx,(pUj® dXi
j i
f.t + Ok) dxj_
+ p{P-p*cok)
d d s tt \ d ii, \ dco +p[7,p-W^]+pSl
(2.37)
(2.38)
In the transport equation for k and co above, the production of turbulence, P, and the dissipation rate specific to 
k , Pa, is defined by:
„ fin.- a
(2.39)Pa — P—Pk-
vt
The values of the closure coefficients used in all the types of linear fc — to models discussed here are given in
the Tables 2.3 and 2.4.
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"type of Model a* P* a P
Wilcox (1988)1411
Wilcox (1994)1561
Menter (1994)1431 (Baseline)'
Menter (1994) |43J (SST)2
1
W+ft
i+¥
i
9
100
9 A+(¥)4
100 t+(V)4
0.09
0.09
-5------------------------------
5 19 + 1^
9 1 + ^ 
f 0.553 \ 
l 0.440 J 
( 0.553 \
V 0.440 )
—T,------------------------------
40
3
40
( 0.075 \
B l 0.083 J 
/ 0.075 \
0.083 )
Tabic 2.3: Values of closure coefficients used in linear k — (0 models (continued)
Type of Model ok 0(ti s,
Wilcox (1988)1411
Wilcox (1994)1561
Menter (1994) '^'(Baseline)'
Menter (1994) l43'(5SF)2
2
2
■( s)
i
( 0.85 \n i.o)
2
2
■( :a. )
■(.&)
0
0
B\ ^k-V<0 ) 
«( mvA-vo. )
Table 2.4: Values of closure coefficients used in linear k — models (concluded)
Menter’s models ,4:,, are constructed as a ‘blend’ of the k-(0 and k-e models. Here the k-e model is 
phrased in the same form as the k — (O model so as to exploit its independence of free-stream values. The blending of 
the k — e and k — to model values for a, (i, ok 1 and tr^1 is (in this notation) given by the following equation:
\ 
a
V V
= Fia + (I —F\)b.
The blending function is defined by
where
arg\ - min
F\ = tanh (arg?),
k'/2 500v 2k(o
P*(t)y' y20) J y-max (VA -Vto,0.0)
The SST model places an additional vorticity-dependent limiter on the shear stress
2A1/2 500v'
Fi = tanh (argl), arg2 = max
j3 * Q)y ’ y2(0
(2.40)
(2.41)
(2.42)
(2.43)
Note that this model also uses a slightly different value of <J;.
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2.9 Transitional flow physics
When a body travels inside a fluid, the flow is considered to be either laminar or turbulent. For laminar flow, the fluid 
moves in ordered and layered streams while for turbulent, the fluid follows a more chaotic motion. In reality, the flow 
over the surface of the body cannot be characterised as either fully laminar or fully turbulent. Instead, there are regions 
of laminar and turbulent flow joined by regions of transitional flow. The size of the transition regions may increase 
and become a large part of the flow. It was Osborne Reynolds who first demonstrated the transition to turbulent flow 
during an experiment. Generally, transition is considered as a complex physical process by which instabilities in the 
laminar boundary layer result in the breakdown of the ordered laminar flow structure into turbulence.
It is observed that the stability of the laminar boundary layer flow is affected by various types of disturbances 
which are either generated from the surface itself or exist in the free-stream. The surface roughness of the body is 
part of the surface disturbances, while acoustic waves, particles in the flow, and pressure fluctuations are included in 
the outer flow. The onset and the length of transition are influenced by a range of interrelated factors which are given 
below:
• Reynolds Number
• Mach Number
• Surface Roughness
• Pressure Distribution
• Free-stream Turbulence
Transition is a complicated process and a thorough description of it for all types of transitional flows is difficult. 
In general, transition occurs in three main modes, natural, bypassed and separated flow. In the following paragraphs 
these modes will be introduced.
Natural transition occurs when a stream of low level of free-stream turbulence is sheared over a solid surface. 
It is initiated by the growth of unstable, two-dimensional disturbances in the laminar boundary layer. The existence 
of these disturbances was first demonstrated in 1949 by the experiments of Schubauer and Skramstad for incom­
pressible flows over flat plates. In fact, the concept of periodic oscillations travelling in the laminar boundary layer has
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been postulated many years earlier by Rayleigh (1887) and Prandtl (1921). It was, however, in 1929 when Tollmien 
produced a complete theory of boundary layer instability and Schlichting calculated the total amplification of the most 
unstable frequencies in 1933. Initially, their work received little acceptance because of the lack of experimental results. 
The experiments of Schubauer and Skramstad 1571 , however, demonstrated the existence of the so called ’Tollmien- 
Schlichting waves’. As the Tollmien-Schlichting waves propagate downstream, they amplify and become associated 
with vorticity concentration regions along discrete lines. This leads to their distortion into vortex loops. The vortex 
loops continue to distort and expand until turbulent spots are found. The last stage of the natural transition involves the 
formation of turbulent spots which were first observed by Emmon in 1951. The mechanism of creation and growth of 
spots was observed with the use of visualisation techniques in a simple water channel. Once created, the spots spread 
along the flow in an angle of about 11 degrees, growing laterally and axially158'. They originate at a random locations 
and resembles arrowheads |59'. Figure (2.2) shows the geometry of turbulent spots. As they move downstream, they 
continue to enlarge and their overlap increases. Finally, transition to turbulent boundary layer is complete and the 
turbulent spots are agglomerating forming turbulent flow stream.
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Figure 2.1: Description of the boundary layer natural transition process '59'.
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— Transitional -------- ►
Figure 2.2: Presentation of the geometry and growth of turbulent spots 1581 .
If the flow bypasses completely the initial stage of the natural transition then a complex phenomenon occurs 
called forced or bypassed transition. In this mode, the intensity of the disturbances is high and the boundary layer 
fluctuations grow rapidly. The free-stream turbulence levels are usually high and the early stages of the natural tran­
sition are bypassed and Tollmien-Schlichting waves are not present. Turbulent spots are directly produced within the 
boundary layers.
Separated flow transition is common on aerofoils at high angles of attack and occurs as a result of laminar 
boundary separation. The flow may reattach downstream of the separation and become turbulent. Separated flow 
transition occurs when adverse pressure gradients arc present and the momentum of the fluid in the boundary layer is 
insufficient to maintain attached flows '541. This reattachment creates a laminar separation bubble on the surface of the 
aerofoil.
The essential features of a laminar separation bubble with transition are illustrated in figure (2.3). As can be 
seen from the figure, separation of the flow occurs at point S. The flow reattaches at point R as fully turbulent creating 
a laminar separation bubble. Laminar-to-turbulent transition can occur at any position T above the bubble.
One characteristic of the separation bubbles is their length, and separation bubbles can be classified into short 
and long, with the distinction between the two to be the effect they have on the pressure distribution. Short bubbles 
reattach shortly after separation and they have a local effect on flow. They can force the flow to become turbulent 
and are considered as a way to control performance 1581. On the other hand, long bubbles interact extensively with the
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exterior flow and significantly modify the surface pressure distribution ^54^. They are the reason for large losses and 
deviations in exit flow angles and this behaviour make them unsuitable for aeronautical applications.
Reverse
Flow
Laminar
Flow Turbulent
Flow
Transition
ReattachmentSeparation
Figure 2.3: Flow around a separation bubble and corresponding velocity distribution ^60'.
Separation flow transition may also occur during dynamic stall. Dynamic stall is associated with unsteady 
separation and stall of aerodynamic bodies executing time-dependent large amplitude motions. This is also a very 
complex aerodynamic problem. During dynamic stall, the flow is characterised by massive unsteady separation and
formation ot large scale vertical structures which create extended hysteresis effects in the resulting aerodynamic loads 
[3]
2.10 Transition Modelling
Knowing the details of the physics of transitional flows, better models can be derived. Considering the recent advances 
in the computational power, one could draw the following requirements for transition models for CFD:
• The models should be of adequate accuracy for engineering calculations
• The models should be of low cost and ability to be implemented in parallel CFD codes
• The models should allow the prediction of onset and length for different transition mechanisms
• The models should have a robust integration with the existing turbulence model
The models should be applicable to three-dimensional boundary layers
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The efforts of different research groups have resulted in a range of models that can be used in different appli­
cations. A range of models were used during this project. The following section will present the various method that 
have be used to predict transition. A sununary of all models can be seen in Table (2.10).
Approach Method
Rough surfaces Hellsten and LeineL61J
Knopp el fl/.L62J
Trip function models Spalart-Allmaras turbulence model 
with transitional trip function l35]
Empirical correlations Michell5J
Cebeci and Smith l38J
Abu-Ghannam and Shaw t63J
Models based on Stability Approach eN model
Models based on transport equations Steelant and Dick
Giro and Chung
Suzen and huang
Menter el al.
Table 2.5: Presentation of existing transition models.
2.10.1 Non-Dimensionalisation of Parameters and Equations
In this section, the non-dimensionalisation of the transition equations is discussed. This can be achieved by scaling 
length with the aerofoil length (c), velocities with the free-stream velocity (TLO, and time by C —
The variables are non-dimensionalised based on:
^
X ~L, y ~L' Z ~ I
u
uZ'
* M * P /i =—, P = — 
P» P~
Fee
w
~ wZ
t
TfuZ
T* = — 
Tx
(2.44)
/ =
where the quantities with the asterisk are the dimensionless one. More information for this procedure can be found in
Appendix A.
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2.10.2 Roughness Transition Models
In many flows of engineering interest, there are parts of solid surfaces that are rough, like surface roughness due to 
manufacturing imperfections or as a long-term environmental result. These aerodynamically rough surfaces may have 
a strong effect on the flow field and the aerodynamic forces. In computational aerodynamics, these rough surfaces 
are replaced by smooth surfaces with modified boundary conditions. To estimate the flow with wall roughness two 
extensions of the k-o) turbulence model were considered, the Hellsten and Laine^'J and Knopp et at. [62^ models.
Hellsten and Laine Model
Hellsten and Laine proposed an improved method to predict the behaviour of turbulent flows over rough surfaces. 
The method is based on the k — (O SST turbulence model that is modified to incorporate the surface roughness. The 
model is based on the alteration of the boundary condition for ft) is:
(2.45)
where Sr is the non-dimensional coefficient defined as:
(2.46)
For the SST k-ft) turbulence model an extra modification was developed. The SST limiter has to be active in 
the roughness layer deactivating the initial Menter’s SST k— ft) turbulence model limiter and is given as:
max{(X\(0,
(2.47)
where |D| is the absolute value of vorticity and F3 is the addition of Hellsten and Laine model given by:
(2.48)
If the dimensionless quantities are used, eqns. (2.45) and (2.48) are written as:
(2.49)
F3 = 1 — tanh[(( 150V* xft)*(tf*)2^ReJ' J (2.50)
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Knopp et ah Model
Knopp et ah [62) proposed another extension for accurate predictions of the effect of surface roughness. For smooth 
walls, the turbulent viscosity is considered zero on the wall. Instead, based on Aupoix and Spalart^, the turbulent 
viscosity close to wall is equal to v,,,, = iixkd0> where d0 is the hydrodynamic roughness length which is approximated 
in relation with sand-grain height hs as d0 fa 0.03/r.,.
In order to achieve good predictions for transitionally rough regimes, the boundary conditions close to the wall 
for k and (o are defined as:
where and d0 are given as
kroitgh
o)w = min{ itT 60v
krough —
»r
ft,/2
do = 0.03<pr2hs
(2.51)
(2.52)
(2.53)
(2.54)
The <Pri and (j)r2 are blending functions designed so that tire results of the model fit well with experimental 
data and are given by:
/i+
(2.55)
(2.56)
Non-dimensionalising the Knopp et al. model, eqns. (2.52) and (2.53) are transformed into:
60 V
f t^,1 ^mfii^l,-^)
£0* = mini----;-—---- , „ . . —
M')2Re
m!,8l! p^Re
(2.57)
(2.58)
2.10.3 Spalart-AHmaras turbulence model
The Spalart-AHmaras (SA) turbulence model[35] solves only one transport equation for the quantity v, which is equiv­
alent to the eddy viscosity V, far from the wall. The modified transport equation for the estimation of the transition 
flow has been constructed empirically and is givent35]:
^ = CM [1 -/,2]Sv + 2[V((v + v)Vi> + Cfc2(Vv)2] - - |r//2l[^l2 +/>lAl/2 (2.59)
CHAPTER 2. PHYSICS AND MODELS FOR TRANSITIONAL FLOWS 32
where the turbulent viscosity vf is linked to the variable v
Vr=/,.lV, fvl r 3 1r+<i (2.60)
and v is the molecular viscosity.
The first term on the right hand side of the eqn. (2.59) deals with the production of turbulent viscosity. The 
third term is the destruction term and it will decrease the eddy viscosity if cw\fw > jrfti-
The transport equation requires information from a number of intermediate functions and variables. The mod­
ified strain rate for the Spalart-Allmaras turbulence model is given as:
S = S-|-
and the function fx>2
/v2=l- X
1+%/vl
The wall function fw is given as:
fw = g[
1+c^3
g6 + c\
]l/6
w3
where the intermediate variables axe calculated as:
(2.61)
(2.62)
(2.63)
g = r-cn,2(/-6-?-), v
S&d2
(2.64)
To initialise transition, the model requires two additional functions. As can be seen from eqn. (2.59), the 
production and destruction terms are multiplied by the function which is given by:
ft2 = Cr3et-c,4r} (2.65)
The reason for this function is purely numerical and is to keep the computation of models stable1351. It is 
activated close to the surface and on the wake while it is equal to zero at the farfield.
To initiate transition close to specified points, an extra source term has been added on the model. This term is 
nonzero only in a small domain of influence around the trip points. The function /,] at the forth term of eqn. (2.59) 
increases the eddy viscosity and is given as:
fn=cn8J-^2+^ (2.66)
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where d, is the distance from the field point to the trip, (tit is the wall vorticity at the hip, and AC/ is the difference 
between the velocity at the field point and that at the trip.i
The function g, is given by:
(2.67)
where A\> is the grid spacing along the wall at the trip. The reason for this factor is mainly numerical as guarantee that 
the trip function will be activated even for a coarse grid where the trip point can fell between two grid point[35].
For the transition version of the Spalart-Allmaras model, the additional constants are given in table (2.6).
Coefficients cn Ctl C/3 C,4
Value 1 2 1.2 0.5
Table 2.6: Coefficients for the Spalart-Allmaras one-equation turbulence model with the transition modification.
For computational purposes, the eqn. (2.59) is rewritten in non-dimensional form as:
% = c*. [1 -/4S*v* + ~[V((v*+v*)Vv*+ci,2(Vv*)2] - + Re/,1 AC/*2 (2.68)
2.10.4 Empirical Correlation Based Models
One way to calculate the onset and development of the transitional flow is through the use of engineering or empirical 
criteria. These criteria are produced based on observed trends in experiments and provide a reasonable degree of 
accuracy when used to compute flows similar to which the criteria are derived for. The models usually relate the free- 
stream turbulence intensity (Tu) to the transition Reynolds number and the momentum thickness Reynolds number. 
Characteristic examples of this approach are Michel’s criterion^, the Cebeci and Smith method and the Abu- 
Ghannam and Shaw ^ model. An estimation of the transition onset based on the previous models can be seen in 
figure (2.4).
2.10.5 Th waite’s Method
The empirical models usually relate the free-stream turbulence intensity {Tit) to the transition Reynolds number based 
on the momentum thickness Reynolds number. In order to estimate the unknown momentum thickness (0), Thwaite’s
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1000 -
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Figure 2.4: Estimation of transition onset with the use of empirical correlations. Michel’s, Cebeci and Smith’s criteria 
and Abu-Ghannam, and Shaw method are presented.
method 1651 is employed. Thwaite wrote the integral momentum equation in tenns of a parameter A given by:
A ^ = (^A
v dx S
2,
(2.69)
dUe
where A = S2 is Polhausen parameter, v is the kinematic viscosity, Ue is the velocity at the edge of the boundary 
layer, 0 and 8 are respectively the momentum and displacement thickness of the boundary layer.
The integral momentum equation is derived by integration of the boundary layer equations and after some 
algebraic manipulation it is given by:
where C/ = ^*'^1 is the skin-friction coefficient and H is the shape factor: H =
Written in the following fonn and after some manipulation the integral momentum equation can be written in 
the following form:
d /02^^(-)=2[S(A)-^(2 + H)]=F(A) (2.71)
where S(A) = and //(A) are the shear, shear-factor correlations, respectively. Based on the previous equation, 
Thwaite used experimental data and tried to fit them by a set of averaged single-parameter functions. He concluded 
that a linear correlation for the function F can adequately represent the experimental data. Thwaite’s linear correlation
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is given by:
F(A) «0.45-6.0A (2.72)
If a general linear representation for the function F is considered, for example F(X) ~ a — fiX, eqn. (2.71) can 
be written as:
(2.73)Ue-— = a~ 8X ^
v
TJ 62 0B2dUe
Ue— = a-p------------
v v dx
(2.74)
Multiplying eqn. (2.74) by uf 1 then
dx\ v ) c c v dx
then eqn. (2.74) can be written as
\^u!) = aur
(2.75)
(2.76)
which upon integration, leads to the the proposed equation by Holsten and Bohlen,
e2--aU‘b{Lv^+c) (2.77)
If A'o is considered as the stagnation point, the constant C has to be zero to avoid an infinite momentum thick­
ness. Thwaite showed that for laminar boundary layers the momentum thickness can be calculated accurately by:
(2.78)
The velocity at the edge of the boundary layer (Ue) is required as it can be seen from eqn. (2.78). Using 
Bernoulli’s equation, the velocity distribution at the edge of the boundary layer around an aerofoil can be calculated 
and it can be given as:
Ue=U^^/l^c; (2.79)
Equation (2.79) is valid only for incompressible flows. In order for the Thwaite’s method to be used in moderate 
compressible flows with greater accuracy the Prandtl-Glauert compressibility correction should be used. The Prandtl- 
Glauert correction is given by:
Cp =
r!
yi-M2
(2.80)
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where Cp is the surface pressure coefficient for the compressible flows, C'P is the equivalent incompressible surface 
pressure coefficient and Moo is the free-stream Mach number.
If the dimensionless quantities are considered, then the velocity distribution at the edge of the boundary layer 
is approximated by:
* Ue * t/oovO —Cpu; = -£&u;= v '<»£/; \/r^q; (2.81)
Considering a small change at the x-direction, the integral of eqn. (2.78) can be replaced with a summation of 
the quantities in the same area. If the dimensionless quantities are also considered, then the equation for the calculation 
of the momentum thickness based on Thwaite’s method is given by:
e* = 7^fl,a = 7wCE^)TCU*b ^ e 'Re
where the summation is from the stagnation point till the current computation point
(2.82)
Michel’s Criterion
In 1954, Michel developed a method ^ based on measurements in two-dimensional, incompressible flow. The model 
of Michel is based on experimental data for a flat plate with almost no pressure gradient and correlates local values of 
momentum thickness with the position of the transition point[1]. It states that transition takes place where:
Reejr = 2.9Re°fr (2.83)
where Rcq^,- is the Reynolds number based on momentum thickness, and ReXtlr is the Reynolds number, based on the 
distance measured from the stagnation point11]. For incompressible flows around two dimensional aerofoils, Michel’s 
correlation matches fairly well with the experimental data for Reynolds numbers in the region:
0.4-106<tac<7-106 (2.84)
In order to apply Michel’s criterion in CFD codes all required data like: momentum thickness, boundary layer 
edge velocity, and momentum thickness Reynolds number have to be calculated. For the calculation of the momentum 
thickness Reynolds number (Rc„„‘c/,), the eqn. (2.83) is used:
0.4Rem;cll = 2.9(Re-Ue -x) (2.85)
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where the parameter in the power can be easily proved that is the Reynolds number based on the distance measured 
from the stagnation point.
Re • U* ■ x* =
pUooC Uc x pUex
p £/„ c p
where x is the distance from the computational point to the stagnation point.
The local momentum thickness Reynolds number (Reg) is calculated based on:
pU^c Ue 6 pUe6
(2.86)
Reg = Re ■ U* ■ 0
P Uoo c
(2.87)
Finally, the momentum thickness Reynolds number based on Michel’s criterion (Re,,,^),) is compared with the 
local Reynolds number based on the momentum thickness (Rcq) and the transition position is estimated as the point 
where:
Ree > Remici, (2.88)
Cebeci and Smith Criterion
Due to its simplicity and reasonable performance, Michel’s criterion has been adopted by many authors for both 
steady and unsteady flows. Some year's later, Cebeci and Smith[383 developed an improved version of Michel’s model, 
compatible with the eN method and which was claimed to be more accurate. The Cebeci and Smith’s correlation is 
given below:
Ree,n- = 1.174(l +W',4,6 (2.89)
^ RCx,tr '
Equation (2.89) was derived for attached flows on aerofoils for Reynolds number greater than 2 million and is 
based on incompressible flow parameters In comparison with Michel’s method, the Cebeci and Smith model is 
applicable for a wider range of local length Reynolds number:
0.1 x 106 < Rex < 40 x 106 (2.90)
Similar' to Michel’s criterion, the Cebeci and Smith method can be applied to CFD codes as soon as the 
momentum thickness and boundary edge are calculated. The momentum thickness Reynolds number based on the 
method and the local Reynolds number based on the momentum thickness (Reg) can be calculated from eqns. (2.89) 
and (2.87) respectively. Transition occurs when the momentum thickness Reynolds number based on the Cebeci and 
Smith method (Receb) becomes bigger or equal to the local Reynolds number based on the momentum thickness (Reg).
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Abu-Ghannam and Shaw Criterion
As the amount of experimental data for the onset of transition increased, Abu-Ghannam and Shaw 1631 tried to fit 
the experimental results for the zero pressure gradient experiments on flat plates with a curve. They proposed a 
modification to the Hall and Gibbings relationship and the momentum thickness Reynolds number at the start 
of transition was related with the pressure gradient parameter and the turbulence levels. Abu-Ghannam and Shaw’s 
correlation was written in the following form:
= 163 + e{F(Ae)_®T> (2.91)
where the value of 163 in the eqn. (2.91) was chosen as it agrees with the Tollmien-Schlichting limit of stability1631 and 
F(A.q) is a function based on the pressure gradient parameter and was calculated in order to satisfy the experimental 
data,
F(h) = (2.92)
6.91 + 12.75Afl -f63.64A| for A0 < 0 
6.91+2.78A0-12.27A3 forAe>0 
The Abu-Ghannam and Shaw correlation shows good agreement with the experimental data for zero and ad­
verse pressure gradient flows, although for favourable pressure gradients the model is not very sensitive.
Figures (2.5(a)) and (2.5(b)) present the momentum thickness Reynolds number Rcq) and F(Ae) by Abu- 
Ghannam and Shaw’s method for a range of pressure gradient (Ag).
Abu-Ghannam and Shaw Method
Abu-Ghannam and Shaw Pressure Gradient Function
41 4M 4N 401 4 M 0 CM 9 04 4 OC 9 C<
Pressure Gradient
ItJMtt (Tu*0 1%) 
t*.e«t*;Tu«o»s* 
ta.r«la;Tu«lN) 
Ju*9S)
(a) momentum thickness Reynolds number Re# (b) F(Xe)
Figure 2.5: Momentum thickness Reynolds number (Rcq) and function (F(Xq)) of the Abu-Ghannam and Shaw 
method as a function of the pressure gradient (Ag).
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2.10.6 Transition Length
Besides the onset of the transition, another important parameter for the phenomenon is the length of the region where 
transition occurs. Transition should not be considered as an instantaneous process but as a phenomenon which requires 
a length in order to be fully deployed. The distance between the point where the flow is fully laminar to the point where 
the flow is considered fully turbulent can be much larger than the length over which the flow is laminar.
Three different ways were selected in order to estimate the extension of the transition region. Firstly, the CFD 
user can define the transition length based on either existing experimental data or intuition. This can lead to very 
sudden increase of the skin friction coefficient. The second way to estimate the end of the transitional flow is by using 
the empirical correlation similar to that of Abu-Ghannam and Shawl63k This correlation takes into account the effects 
of turbulence level and pressure gradient by estimating the local Reynolds number using the information provided at 
the transition point. The empirical correlation of Abu-Ghannam and Shawt<53] for the end of transition is given by:
RexE = RexS + 16.8(Retf )°-8 (2.93)
Vr = l-exp[{-^-)ReXll'M{x-xtr)J
A more sophisticated way for estimating the transition region is by using the empirical model suggested by 
Chen and Thyson[66], that scale the eddy viscosity by an intermittency function. The latter one increases from zero for 
laminar boundary layers to one for fully turbulent flows. The intermittency function is given by:
,3
or in dimensionless form
tfr=l-eXp[(---?§--)Re-irM(x*-xfr) f ^--Re2]
v Lry Jx,r ue
The parameter Gy was initially suggested to have a value of 1200 for high Reynolds numbers. In order to take 
into account the separation at low Reynolds number flows, a different expression was suggested:
213
(2.94)
(2.95)
Gv=-^--[log{ReXlr)-4.132} (2.96)
2.10.7 CFD Implementation of the Empirical Correlation-based Models
In order to model the influence of the transition phenomena, the transition criteria are coupled with the CFD solver 
and are used within each solution iteration. This provides the framework for transition modelling to be applied to
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unsteady cases without any further modifications. Firstly, a compressible pressure distribution is obtained from the 
solver. The Prandlt-Glauert compressibility rule is applied in order to compute the equivalent incompressible solution 
and Bernoulli’s equation provides the distribution of the velocity at the edge of the boundary layer as seen at eqn. 
(2.81).
In order to utilise Thwaite’s method, it is important to determine the location of the stagnation point in the 
vicinity of the leading edge. The stagnation point is defined by calculating the surface pressure distribution for the 
complete aerofoil and locating the highest surface value. As soon as the stagnation point is defined, the chord-wise 
integration of the integral boundary layer quantities can be carried out starting from the stagnation point and proceeding 
downstream on both aerofoil surfaces. Thwaite’s method (eqn, (2.78)) is then applied to obtain the boundary layer 
momentum thickness over the surfaces of the body. The empirical transition criteria are then applied to determine the 
onset of transition. Knowing the onset of the transition, the length of the transition region is then estimated. Finally, 
a sigmoidal function increases smoothly the value of intermittency from zero in the area upstream the transition onset 
to one downstream of the transition end point.
Figure (3.2) provides a schematic of the transition model implementation with the CFD solver.
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's Solution Converged?
Calculate tire boundary layer edge velocity (U )
Solve the Naviei—Stokes equations
Search for the stagnation point
Determine the transition onset
Computation of the empirical transition criteria
Determine the transition length
Recalculate the Navier-Stokes equations
Figure 2.6: Road map for the implementation of the empirical correlation-based models.
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2.10.8 Models Based on Stability Theory
Although the empirical relations are able to produce reasonably accurate transition estimates, they rely on a small 
number of experiments at small scale and their applicability in other cases is limited. For example Michel’s method 
is strictly for two-dimensional incompressible flows on boundary layers At low free-stream turbulence levels, 
transition occurs due to the amplification of small disturbances in the laminar boundary layer which leads to the 
formation of turbulent spots and finally to the breakdown into turbulence. A number of methods have been developed 
that explore the development and the amplification of laminar instabilities. Stability theory is one of them and has 
been widely used167J. The theory suggests that a small sinusoidal disturbance is imposed on a steady laminar flow and 
attempts to determine whether the instabilities will amplify or decay in time. The theory indicates which of the flow 
parameters may delay or accelerate transition^681.
As a disturbance can be considered to be a travelling wave whose amplitude varies with respect to y direction. 
The sinusoidal travelling wave can be given from the following equation
y,/) = <j> (y)e,(ax~C0!)> (2.97)
where / = i/( — 1) and the variable ig can be the fluctuating pressure, velocity or density. The parameter a represents 
the dimensionless wave number and (0 is the frequency of the disturbance. Both parameters can be considered as 
complex numbers.
In the framework of the stability theory, 0) is considered real and a as complex (ct = a,- + i - a,-). Then the 
fluctuating quantities are given by the following equation:
y/=0 (2.98)
From equation (2.98) it is obvious that the amplitude of the disturbances depends on the value of a, x. If a, x < 0 
the disturbances are damped and if (Xrx > 0 the disturbances are amplified. If cerx = 0 the disturbances stay neutral. If 
the disturbance amplitude grows, then the flow is considered unstable and transition to turbulent flow is expected.
Applying the previous equations (2.97) to the continuity and momentum equations for two-dimensional, in­
compressible, unsteady flow and neglecting the quadratic terms in the disturbance velocity components, the Orr- 
Sommerfeld equation for co and a is derived:
<plv — 2a2 (p1' + a4(p = iR[(au — (o)(ip" — a2<})) — iRout'tp] (2.99)
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where (p is the amplitude of the perturbation, the prime denotes differentiation with respect to y and R is the Reynolds 
number of the mean flow. Equation (2.99) is a 4th order ordinary differential equation for the amplitude (j>. The stability 
problem is therefore reduced to an eigenvalue problem, The solution of the Orr-Sommerfeld equation describes small 
disturbances which are called Tollmien-Schlichting waves.
The eN Method
The most widely used method based on stability theory is the derived from the ”<?9” method of Smith and Gamberoni^
and van Ingen[70], This method was based on the observation of Michel, that the transition points corresponded to a 
total amplification of Tollmien-Schlichting waves equal to A/Aq rs 104. This observation led many other researchers 
to evaluate the eigenvalues of various boundary layer profiles and then to compute the total growth of waves of a given 
frequency. Smith and Gamberoni[69] and Van Ingen[70] proposed that the onset of transition occurs when the total 
amplification of Tollmien-Schlichting waves is equal to:
A = eWr(«vH ^9
Aq
(2.100)
with Aq to be initial amplitude disturbance at the first neutral stability point.
This method was later referred as method and predicts the transition point when the amplitude of the 
most unstable frequency exceeds the value of the initial unstable frequency multiplied by a factor of eN. The method 
is based on the growth of the Tollmien-Schlichting instabilities in the laminar' boundary layer which become neutrally 
stable at some critical point. Downstream the critical point, the disturbances begin to grow. Transition is usually 
assumed to occur for N=9 ^. This N factor is empirically determined from several experimental data and can vary 
from one situation to another.
As mentioned before, the Orr-Sommerfeld equation gives the locus of the neutral points forming a boundary 
between stability and instability. When a downstream propagating wave of frequency /i crosses the boundary, its 
amplitude begins to increase. The wave inside the stable region will be amplified to a maximum and then it will be 
damped again downstream. The wave amplitude at any station inside the stable region can be related to its initial 
amplitude at the neutral point and the envelope of the curves for the ratio (A/Aq) is called the ’N-factor’.
The eN method involves the calculation of accurate laminar boundary layer velocity profiles at various stream- 
wise stations beginning at the stagnation point. These velocity profiles are used to evaluate the stability properties of
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the flow from the Orr-Sommerfeld equation. The ’N-factor’ is obtained by integrating the local growth rates and is 
defined as
N= fX (—afidx (2.101)
Jxo
The calculated N factor is compared with a pre-determined value that has been deemed to signify the onset 
of the transition. This process continues until the local amplification factor attains a value greater or equal to the 
transition amplification factor.
This means that the method is not free of empiricism as the ’N-factor’ depends on the employed wind tunnel 
setup and the free-stream environment. The stability analysis is based on velocity profiles obtained from highly 
resolved boundary layer codes that must be coupled to the pressure distribution of a RANS code. The output of the 
boundary layer is then transferred to a stability method which provides information back to the turbulence model in 
the RANS solver171'. When a 3D flow is considered, the process becomes more complex. This was one of the reason 
that lead to the development of the ie — 0) — y — Reg model. There was a need for a model that would be more CFD 
compatible and would be easier to incorporate in the existing codes.
Figure 2.7: Principle of the ^ method
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2.10.9 Intermittency Transport Model
In 1951, Emmon, during experiments in shallow water flows, characterised transition as an eruption of turbulent spots. 
He considered a turbulent spot production function }’,£,/) which was related to the probability of the flow being 
turbulent at some point, the intermittency factor y, given by the equation:
y— 1 _e(-/«(*,>’,Z,'VV) (2.102)
Above a certain Reynolds number the flow becomes intermittent, which means that it alternates in time between 
laminar and turbulent states. The intermittency factor y is defined as the fraction of time during which a point in the
flow is occupied by the turbulent spots or in other words the time that the flow is turbulent during the transition phase.
As y increases from 0 to 1 through the transition zone, all averaged flow properties adjust smoothly from laminar to 
turbulent values.
Based on Emmon’s idea, Dhawan and Narasihma ^ developed an algebraic equation to describe the connec­
tion between the spot generation and the stream-wise evolution of the intermittency factor. Their correlation is given 
by the following equation:
(2.103)
where U is considered to be the free-stream velocity, x, is the point of transition onset, n is the turbulent spot formation 
rate and <r is the spot propagation parameter.
For these models, the intermittency is implemented in a computer code by multiplying the eddy viscosity of a 
turbulence model by the value of intermittency. Upstream of the transition onset the intermittency is considered as zero. 
Once the onset of transition occurs, the intermittency is multiplied with the eddy viscosity and as the intermittency 
increases from zero to one, a fully turbulent boundary is achieved.
Many researchers, mainly in the field of turbomachinery, worked on intermittency models. The main short­
coming of these models is that they require the solution of a set of turbulent and a set of non-turbulent equation of 
mass, momentum and energy. This is computational expensive as the number of equations doubles. Moreover, these
models are based on non-local formulations and typically require information on the boundary layer and the state of 
flow outside of itt71].
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Steelant and Dick Model
Steelant and Dick ^ developed in 1996 an intermitlency transport model for flows in gas turbines. The model follows 
the Dhawan and Narasimha ^ correlation for the intermittency factor in the transitional zone. The transport equation 
that Steelant and Dick derived is given in eqn 2.104
dpy dptiiY
The production term P is
where
The distribution breakdown f(s) is
dt dxj
P= (1 -y)p\A2 + v2/3(s),
P(s)=2f{s)f'(s)
as* + bs3 +cs* +cts +e
f(s) = gs'2, -I- h
and f{s) is the first derivative with respect to parameter s
Aas^ + 3Z?./2 + 2cs + d
m = 3gs:
The parameter s is the streamline coordinate which for two dimensions is given by
udx+vdyf 
J y/ii'\/u2 + v2
and s' ~s + s, where st is the transition location. 
The coefficients for the functions are
a b c d e h g
sJnajU -0.4906 0.204(^)-°-5 0.0 0.04444(^)-L5 lOe 1.0
(2.104)
(2.105)
(2.106)
(2.107)
(2.108)
(2.109)
Table 2.7: Coefficients for the intermittency transport model of Steelant and Dick.
The parameter n<J in table (2.7) has been correlated by Mayle [5SJ based on intermittency measurements for 
zero pressure gradient flows as:
jig = 1.25 • 10~‘117’i/7/4 (2.110)
Re,r = 420Tir°‘69 (2.111)
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Steelant and Dick|73] tested their model for zero, adverse and favourable pressure gradient flows. They coupled 
their model with two sets of Navier-Stokes equations, one for the laminar and one for the turbulent phase of the flow. 
Moreover, they modelled the turbulence by using the tc — £ model. In order to derive their conditioned averaged 
Navier-Stokes equations, they decomposed all the quantities into mean and fluctuating components. For example:
<P = <
0/ + <pj for y = 0 
0, + 0/ for y = 1 
<j) + <l>' otherwise
(2.112)
where $ is the mean component of the quantity <p and <p' is the fluctuating one. The subscripts 1 and t stand for 
laminar and turbulent respectively.
Although, the model from Steelant and Dick ^ shows good agreement for the stream-wise variation of 7, 
it fails to predict the variation of 7 at the cross-stream direction. Furthermore, the use of the conditionally averaged 
values for the Navier-Stokes equations and for the turbulence model is a basic deficiency for Computational Fluid 
Dynamics codes as extra difficulty and lime would be needed in comparison with the solution of the averaged Navier- 
Stokes equations.
Cho and Chung Model
Cho and Chung ^ in 1992 proposed a ?c — £ — 7 model for free-shear flows. Their model expresses the eddy viscosity 
in terms of k} e and 7 and has been used for plane and round jets, planar far wakes and planar mixing layers.
Their intermittency equations are:
dy
"J'S7j"D'l+s'r
where the diffusion term Dy and the source term Sy are:
(2.113)
Dv =
dxj
(i-r>££'
Sr=csir(i -r)^±^i+c82f -r)fr
and the closure coefficients take the values
(2.114)
(2.115)
crfi = 1.0, q,i = 1.6, q,2 =0.15, q,3 =0.16 (2.116)
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The terms P^,s and 7^,, represent the production of turbulent kinetic energy by shear and normal strains respec-
(W) (2.117)
(i = j) (2.H8)
The first term in the SY equation expresses the generation of intermittency owing to the production of the 
turbulent kinetic energy. While, the second term represents the increase of y by the spatial inhomogeneity. Finally, the 
last term represents the amount of the intermittency entrained by the interaction between the mean velocity gradient 
and the intermittency field I74k
tively.
p _ ___ diij
A,,- mi3xj,
and,
o _ ___ din
Pkji — Mfllj *
Suzen and Huang Model
In 2000 Suzen and Huang 175] developed a transition model based on the combination of two transition models. They 
blended the transport equation model of Steelant and Dick f73] with the transition model of Cho and Chung [74]. The 
idea was to combine the desired properties of each model into one transport equation. The Steelant and Dick [73] 
model was chosen for its ability to produce the stream-wise variation of the Dhawan and Narasimha ^ intermittency 
and the Cho and Chung[741 model for its ability to provide a realistic variation of the intermittency in the cross-stream 
direction.
The transport equation of the model blends the source terms of the two previous models. The equation for the 
intermittency has the following form,
dpydpujY_
~dr + ~fy--Dr+Hr
where the diffusion term Dy and source term IIY are represented by:
(2.119)
£>y = [0 - rJroy/jU/+(i - y)<w] (2.120)
and
HY=(l-y)[{l-F)T0+F(T1-T2)} + T3 (2.121)
where
CTy/ -— Gyt — 1.0 (2.122)
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The term Tq is the production term from the Steelant and Dick model and is given by
7b = 2CQpx/ukiikf{s)f'{s),
Co = 1.0
(2.123)
(2.124)
where p is the fluid density, uk is the velocity component and the f{s) is the distributed breakdown function which has 
the form
m =
as* + 3 + cs2 + ds + e
gs2, + h
s1 —s — st with s the distance along the stream-wise coordinate and s, is the transition location.
(2.125)
The model’s coefficients are given in table (2.8).
a b c d e h g
50^/no/U -0.4906 0.204(^)-°-5 0.0 0.04444(7^ )-1-5 lOe 50.0
Table 2.8: Coefficients for the intermittency transport model of Suzen and Huang.
As can be seen, the coefficients for the Suzen and Huang model are the same as of the Steelant and Dick ^ 
model except from coefficients a and g that are multiplied by a value of 50.
7i and Tb are the production terms of the Clio and Chungt74] model. T) represents the production of turbulence 
kinetic energy Pk and is given by
^ „ Pk Qr, duj 
k IJ dxj
(2.126)
Ci - 1.6 (2.127)
where the shear stresses are defined based on Boussinesq’s hypothesis as
Tij - p,
diii duj 2 diik „ 
dxj ^ dxj 3 dxk 17 (2.128)
?2 represents the production resulting from the interaction between the mean velocity and the intermittency 
field and is given as:
Tz = CzYP
k2/2 iii diij dy 
e ^JiikUk ^xj dxj'
C2 = 0.16
(2.129)
(2.130)
The source terms of the two models are coupled together with of a blending function F which facilitates the 
gradual switch from Tq to (7i — 7?) inside the transition region. In regions where F = 0 the Suzen and Huang model
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reduces to the Steelant and Dick model whereas in regions where F = 1 the Cho and Chung5741 term (7i — T2) is 
activated, The blending function F is given by:
F - tanh4 k/Wv
200(1--f0-1)0-3
where W is the magnitude of the strain rate.
73 is a diffusion related production term which is given by
fc2 f dy12 
T-i—C-ip —
dxJ
C3 =0.15.
(2.131)
(2.132)
(2.133)
2.10.10 Intermittency and Vorticity Reynolds number Model
Based on the positive results that the intermittency-based models have, in 2006, Menter and Langtry 5761 developed 
their approach to use only local flow information in order to activate or damp the production term in the intermittency 
equation. Instead of using the momentum thickness Reynolds number to trigger the onset of transition, the vorticity 
Reynolds number was selected as the link between the correlation and the intermittency equation,
Rer=pl^i = pls
p dy p (2.134)
where y is the distance from the nearest wall and S is the strain rate magnitude {S = (2S',-;-S'ly)1/2). Since the vorticity 
Reynolds number is based on the density, viscosity, wall distance and vorticity, it is considered a local property and 
can be calculated at every grid point independently of any other.
This transition model do not attempt to model the physics of the transition process but form a framework for 
the implementation of transition correlations into the CFD codes.
Intermittency Transport Equation
The proposed model is based on two transport equations. The first one is a transport equation for intermittency y 
and is used to trigger the transition process locally. The intermittency function is coupled with the SST k — (0 based 
turbulence model and it is used to turn on the turbulent kinetic energy downstream of transition points. The transport 
equation for the intermittency y is given by:
dApr) + dpujr=P7^Eyi+PYi^EY2+d
dt dxj (2.135)
CHAPTER 2. PHYSICS AND MODELS FOR TRANSITIONAL FLOWS 51
where the parameters P and E are the production and destruction terms of the equation. 
The source term for this equation are defined as follows:
Py\ —C(z\ FlengfliPS (yFonset) a (2.136)
and
Pyi — CcaP&yFtmb (2.137)
where Q. is the vorticity magnitude (Cly — 5 (|f^ — Tc))’ The role of these terms is to ensure that the intermittency 
remains zero in the laminar boundary layer and it is active in any other point of the flow. The magnitude of the Pyi 
term is controlled by the transition length function (Fie)lgth)-
The function F0„set is an empirical correlation used to trigger the intermittency production. It controls the 
length of the transition region and is a function of the vorticity Reynolds number. It is designed to change rapidly from 
a value of zero in a laminar boundary layer to a value of one in every location where transition occurs. The function 
Fonset is given by:
2.193-Reec
Fonseti = min [max (F0,!set],F*lsell) 
FonserS = max 1 - ,0
Fonset — max {Fonsetl F0],sei2,0
(2.138)
(2.139)
(2.140)
(2.141)
where the turbulence Reynolds number is given by
pk
jUto
(2.142)
and Rcqc is the critical Reynolds number where the intermittency begins to increase in the boundary layer. This occurs 
upstream of the transition Reynolds number (Reot) as there should be an increase of the turbulence before any change 
in the laminar profile occurs. The empirical correlation for the parameter Reoc was proprietary in the initial paper[76]
and was referred as a function of Reo,.
The function Fie„glh in eqn. (2.136) is an empirical correlation that controls the length of the transition region 
and the magnitude of the two production terms. This function was also proprietary in the initial paper.
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The destruction/relaminarisation sources are defined as follows:
Ey\=ceiP7^j ami Eyz = c&PyiY (2.143)
These terms ensure that the intermittency remains close to zero in the laminar boundary layer. The constants cei and 
ce2 control the strength of the destruction terms and ensure that these are smaller than the production terms.
The function Flliri is used to disable the destruction/relaminarisation sources outside of a laminar boundary 
layer or in the viscous sub-layer and is defined as:
Fuub = e-(/^'/4)4 (2.144)
The coefficients used in the intermittency equation are:
Ca Cel ca\ Ce2 C«2 Gf
0.5 1.0 2.0 50 0.06 1.0
Table 2.9: Coefficients for the intermittency transport equation.
The boundary conditions for the intermittency 7 is zero normal flux at the wall and 1 at an inlet. The latter 
value of intermittency at the inlet is in order to form a framework for the implementation of the correlation-based into 
the general-purpose CFD. One of the requirements of the model is the grid has a y+ less of 1. This is necessary in 
order to capture correctly the laminar and transitional boundary layers [77j. If the y+ is more than 5 then the transition 
onset location is expected to move upstream.
Momentum Thickness Reynolds Number Transport Equation
In addition to the transport equation for the intermittency, another transport equation is solved. This equation is for the 
transition momentum Reynolds number and is the link between the local information and the intermittency. With this 
way, the model manages to capture the non-local influence of the turbulence intensity which changes due to the decay 
of the turbulence kinetic energy in the free-stream and due to changes in the free-stream velocity outside the boundary 
layer. Moreover, it ties the empirical correlation to the onset of criteria in the intermittency equation [76J. The transport 
equation for the scalar’ transition momentum thickness Reynolds number Ree, is given by:
d(pReBt) t d(piijReet) n _ d
at + a^t ~p<,, + a7j
, . dRee
(/* + Pt)' ^ (2.145)
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The source terra Pq, is designed to force the transported scalar Rcq, to match the value of Rcq, which is 
calculated from an empirical correlation using information from outside the boundary layer. The source term is 
defined as follows
Pet =ce/y {Ree( —Reet) (1.0 — /^) (2.146)
where t is a time scale which is present for dimensional reasons and is given by
500jti
pU2 (2.147)
Fqi is a blending function that turns off the source term in the boundary layer and allows the transported scalar 
Reet to diffuse in the free-stream. It is zero in the free-slream and one in the boundary layer. The definition for the 
function pQt is given by
Pq, — min < max ,1.0 (2.148)
where
= &L = y<fcz., S^^-Sbl, (2.149)
H'
The function Pm,kc ensures that the blending function is not active in the wake downstream of the aerofoil. 
The coefficients for the momentum thickness Reynolds number transport equation arc:
CQt &8r
0.03 2.0
Table 2.10: Coefficients for the momentum thickness Reynolds transport equation.
(2.150)
The boundary conditions for the scalar quantity Reet is zero flux at the wall, while for the inlet its value is 
calculated from an empirical correlation based on the inlet turbulence intensity.
Implementation for Separated Flow
For separated flow, it was observed by Menter el a], that the model predicts the turbulent reattachment location far 
downstream. It was considered that the reason for this behaviour was the fact that the turbulent kinetic energy k failed
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to reach a value that could lead to the reattachment of the laminar separation boundary layer. The solution was given 
by letting the local intermittency to exceed the value of one wherever the laminar boundary layer separates. This will 
lead k to obtain values which will cause earlier reattachnient. Hence, to overcome this discrepancy, a modification 
to the transition model for the case where separation of the laminar’ boundary layer occurs was intr oduced and a new 
intermittency was calculated:
(2.151)
where the constant jj is given by
si = 8.0 (2.152)
The value of this constant controls the size of the separation bubble.
For aeronautical applications, Menter and his coworkers (l7SJ) modified eqn. (2.151) into
(2.153)
considering the constant .V| = 2,
Fyeatuich disables the modification once the viscosity ratio is large enough to cause re-attachment and is given
by
F „ , — e-(^r/20)4 
1 reattach — e (2.154)
Fq, is a blending function defined in eqn. (2.146) and is used to confined tire modification inside the boundar y
layer.
After the calculation of this extra value, the final intermittency factor is given by
Yeff — max (y, Ysep) (2.155)
Coupling the Transition Model with the Turbulence Model
The transition model is coupled with the Shear- Stress Transport (SST) k-m turbulence model. It turns on the pro­
duction term of the turbulent kinetic energy downstream of the transition point The equations for the SST k-co
turbulence model are:
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d , . d , . Pi- dr, . dcd,
+ ^-(piijCo) — a——Dfo +Crfffl + [(/j. + Oa-F/)-^-] (2,157)
where the new production and destruction terms for the turbulent kinetic energy are given as:
Pk = YeffPk (2.158)
Dk = min [max (ye//, 0.1), 1.0]D^ (2.159)
where yeff is the effective intermittency obtained from eqn. (2.155). From the previous equations, it is obvious that 
the production term for the turbulence dissipation ratio is not modified.
In order the coupling to be complete, a last modification have to be applied in the blending function of the 
turbulence model. The modified blending function is given as:
Ry = ^77- > F3 = e-^/120)\ F] -max(/qw./,,F3) (2.160)
Empirical Correlation in the K-co-y- Rea, Transition Model
There is an experimental correlation that relates the momentum thickness Reynolds number at the transition point, 
Rcq,, with the turbulence intensity and other quantities in the free-stream. A number of improvements have been 
proposed and in this project the empirical correlation modified by Langtry 1781 was selected. Two different regions for 
the local turbulence intensity were taken and the correlation for the transition momentum thickness Reynolds number 
is given by:
Reet =
(1173.51-589.4287m+ ^fS)F(;i0) if7u< 1.3
331.5O(ri/-O.5658)-o-671F(A0) if 7m > 1.3 
The blending function F has also been modified in order to improve the predictio 
modified function F is given by:
l-(-12.986A0-123.66A|-4O5.689Xj)e"[:r"/L5]L5 if kg <0 
1+0.275(1-e-35^)e-T,'/a5 ifA0 >0
Xq is the pressure gradient parameter and is given by:
,pe°-du
2-0 = (- p / ds
(2.161)
.The
(2.162)
(2.163)
^
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where dU/ds is the acceleration along in the stream-wise direction and is calculated by taking the derivative of the 
velocity in the x,y and z direction and summing the contribution of these derivatives along the stream-wise flow 
direction:
U — (u2+v2 +w2)ly/2 (2.164)
dU_
dx
1/? ? Ov_i dit „ dv „ dw-
- (u2 + V2 + w2) 1/2 [2m— 4- 2v— + 2w— 
2 dx dx dx
dU
dy
dU
dz
1/9 9 9\-T/9r/, dll ^ dv „ d\\>- (ir + v2 + w2) [2m— + 2v— + 2w-—\
2 dz dz dz
dU_ _ u dU v dU vr dU 
ds U dx U dy ^ U dz
(2.165)
(2.166)
(2.167)
(2.168)
For numerical robustness, the pressure gradient and the acceleration parameter and the empirical correlation 
are limited as
-0.1 < A* <0.1, Tit > 0.027, Rest > 20 (2.169)
The empirical correlation is used only in the source term of the momentum thickness Reynolds number trans­
port equation (2.146). The equations for the empirical correlation have to be solved iteratively as they require the 
calculation of the momentum thickness (6) inside the pressure gradient parameter (Ae). For an initial guess of the 
local 6, eqns (2.161) and (2.162) are solved considering zero pressure gradient and local values for U, p and p.
The correlation for the critical momentum thickness Reynolds number is defined as follows:
Reec
Reet - 396.035 • 10“2 + (-120.656 ■ lO-4)Re0/ + (868.23 • lO-6)Re0, + (-696.506 • 10-9)Reet if Rcq, < 1870
Reet - (593.11 + 0.482 ■ (ReGt - 1870)) if Req, > 1870 
(2.170)
The last correlation that describes the length of the transition model based on the T3B, T3A and T3A- experi­
ments, The empirical correlation for the Fieng,k is based on Rest and is given by
f
39.8189 - (119.27 • lQ-4)Re6l - (132.567 • lO-6)^
263.404- (123.939- 10“2)Refl, + (194.548 ■ 10-5)R~4, - (101.695 • IQ-8)/?4,
^length — ^
0.5 - 3.0 • 10”4 • {ReBt -596.0)
0.3188
if Rest < 400 
if 400 >/fee, <596 
if 596 > Rcq, < 1200 
if 1200 > Reet
(2.171)
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Figures (2.8(a)) and (2.8(b)) present the equations for the critical momentum thickness Reynolds number 
(Reoc) and the function for the length of transition flow (F/^,/,) based on Langtry and Menter work. It can be seen 
that the functions are smooth and continuous.
local Re £ 1870
local Re > 1870
1000
<o 800
200 -
local Re,
(a) Reei
Re„< 400
400 s local Ra. < 596
596 s local Re. < 1200
local Ren i 1200
local Re,
(W ^length
Figure 2.8: The critical momentum thickness Reynolds number (Fe0t.) and function for the length of transition flow 
(F/ength) based on Langtry and Menter work'771.
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Table (2.11) summarises the functions and parameters for this model.
Function Equation
Source term for y (1 -Ce{y) ' ca\FlengthPS{yFonset) **
Second source term for y {\-C'iy)-aipCiyF,urh
Source term for Re^ Po, = ce, ? (Ree,-Ree,)(\.0-Fe,)
Blending function Fe, = min max[FBut,e<W4»4,1.0 - ( ) 1-10
Blending function for the wake Fvat, = eHWO5))2
Intermittency for separated flow y».p = min{i|max (s.2*sRr„r) ~ 10 Fnanach>2}Fei
Re-attachment function
Local momentum thickness 
Reynolds number
/fea, = (1173.51 -589.428F«+2^) F(Afl). ifr«< 1.3 
toe, =331.50(ri/-0.5658)-°671F(A<,), ifTu> 1.3
Critical momentum thickness 
Reynolds number
Reg,- = Reg, - (593.11 + 0.482(K>6, - 1870)). if/?>«, > 1870
Reg,. = Reg, - 396.035 ■ lO"2 - (120.656-10-4) + (868.23 • 10"6) Reg, - (696.506- lO"9) otherwise
Transition length function Fi,„g,i, = 39.8189 - (119.27 - 10-4)/?ee, - (132.567- lO-6)/?^,. if Reg, < 400
F,r„g,h = 263.404 - (123.939 - lO-2)^, + (194.548 • 10 ?)«4, - (101.695 • 10 s)Reg,, if [400 > Reg, < 596] 
Fi,„g,i, = 0.5 - 0.0003 • (Ree, - 596.0), if [596 > Reg, < 1200]
Fungth = 0.3188, otherwise
Momentum thickness 6sl=^
Boundary layer thickness Sbl = y
Displacement c 50Qv c d = -jrp Obi.
Pressure gradient ii
Flow acceleration *=(£)£
Table 2.11: Functions and parameters of the k— (o—y— Rcq model and their equations.
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Implementation of the k- co- y-Ree, Transition Model
Based on the theory, the computation steps can be concentrated on the following four steps: (a) solve the momentum 
and the continuity equations, (b) solve the turbulence model with the modified blending function f\; the k-equation 
with the modified production term P* and destruction Dk terms, and the £t)-equation, and then calculate the eddy 
viscosity, (c) compute the empirical correlation of transition momentum thickness Reynolds number ReQ, and finally 
(d) solve the transition equations for y— and /?ee,[80l
A flow chart for the implementation of the model for the prediction of transition onset can be seen in figure
(2.9).
/'"SeparatiorK, 
flow transition
reattach
Calculate source term
Compute 
Turbulence model
Calculate transport 
equation for scalar Re
Calculate transport 
equation for intermittency
Compute
production/destruction 
terms of turbulence model
Figure 2.9: Road map for the implementation of Menter’s model.
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2.11 Summary
In this chapter, the physics and the models related to the complex phenomenon of transition are presented. The 
discussion in the chapter, starts with the presentation of the two-dimensional form of the Navier-Stokes equations and 
how they are reformed in a formula more suitable to calculate the flow around bodies.
Then the approach to turbulent modelling has been discussed and more details have been provided for the 
k— G) and K — co SST models, These models are presented as more suitable in the current study.
The key physical processes of the complex phenomenon of transition are presented. Then a hierarchy of 
transition prediction and modelling techniques have been presented. These methods vary in complexity from simple 
engineering criteria to complex transport equation models.
The criteria of Michel, Cebeci and Smith, and Abu-Ghannam and Shaw were selected for the prediction of the 
onset of natural transition, These correlation based models require the knowledge of non-local information in order 
to predict the transition onset. Thwaite integral boundary layer method has been adopted in to provide a source of the 
required laminar boundary layer data for the criteria. The transition models have been integrated with the turbulence 
model to provide the onset of transition.
Finally the new transition model of jc — m — y—ReQt is introduced. The model is developed based on local 
information and has eliminate the need of any non-local operation as required from the empirical correlation models. 
As a result, the transition model is more compatible with the existing CFD codes. It requires the solution of two extra 
transport equations, one for the intermittency and one for a transition onset criterion in terms of momentum thickness 
Reynolds number. The model has been calibrated in order to be used with k — oo SST turbulence model.
Chapter 3
Modelling of 2D cases
The transition models described in the previous chapter have to be validated. This chapter describes the available 
experimental data and the grid generation for the 2D validation test cases used in this work. The test cases include 
the Aerospatiale A (ONERA A), the NACA 0012, the NLF-0416 and the S809 aerofoils. For all these aerofoils, 
the available experimental data were compared with the XFOIL results. XFOIL uses the eN method for transition 
prediction and is a popular tool for aerofoil aerodynamics. If specified, the free-stream turbulence levels were matched 
during calculations. If the free-steam turbulence intensity is not known from the experiments then an estimate was 
made.
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For the calculation of the flow around an aerofoil, the most suitable mesh-generation methods were used. A 
C-topology was used for the majority of the aerofoil grids. At least 200 nodes were placed on each side of the aerofoil 
and spline curves were used to interpolate these. On the surface of the aerofoil a cosine law is used and the nodes are 
clustered at the leading and trailing edges where the cell spacing is considered at 10-5. The far-held, has to be big 
enough to avoid setting the boundary conditions at regions near the aerofoil. A distance of 10 chords is chosen and a 
minimum number of 100 nodes on the edges normal to the surface is considered. The exponential law is used for the 
edges that are perpendicular to the aerofoil and as a result, the spacing of the first cells at these edges is set at 10~5. 
For the far-held, the idea is to keep as smooth as possible.
3.1 ONERA Aerofoil
The Aerospatiale A or ONERA A aerofoil was designed at Aerospatiale in 1986 and it was used for the European 
CFD validation study (ECARP). The main objective of this project was to investigate the performance of a variety of 
state-of-art turbulence models of the period1811. The experiments were carried out for a range of Reynolds numbers 
and incidences. The ONERA A aerofoil can be seen in hgure (3.1).
ONERA A j
Figure 3.1: The ONERA A aerofoil.
The ONERA A aerofoil provides a substantial challenge to computational methods since its stall process is 
complex. It was observed that the aerofoil produced a laminar separation bubble on the upper surface in the leading 
edge region even at moderate incidence angles. Moreover, stall on the aerofoil was initiated by the advance of trailing 
edge separation due to strong adverse pressure gradient on the aft part of the suction side of the aerofoil.
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Two sets of experiments were carried out for this aerofoil. The first was conducted at the ONERA Fauga- 
Mauzac FI wind tunnel, at Mach numbers of M = 0.15, 0.22 and 0.3 and a range of Reynolds numbers from Re — 
2 x 106 to 7.5 x 106. For each Reynolds number, a large range of incidence angles was considered. The FI test 
cases provide measurements for the lift, drag, skin friction and surface pressure distributions. Table (3.1) provides the 
parameters for the FI test case.
A second experiment was also performed for the ONERA A aerofoil in the CFM/F2 wind tunnel. This wind 
tunnel is of closed-circuit type, working at ambient pressure. It has free-stream turbulent level less than 0.06%. 
Measurements were conducted at Mach and Reynolds numbers of 0.15 and 2 x 106 respectively. Table (3.2) presents 
the conditions of the test. The F2 wind tunnel not only provided measurements for the same parameters as in the FI 
test case but also boundary layer quantities like displacement thickness (5), momentum thickness (0) and detailed 
experimental profiles of the velocity and turbulent stresses at incidence angles of 7.2, 12.3, and 13.3 degrees.
FI Wind Tunnel
Measurements Mach number Reynolds number (106)
Drag Coefficient (Cd) 0.15 2.08,3.13,5.25,7.57
0.22 5.22
0.3 5.25
Skin Friction Coefficient (Cp) 0.15 2.05,3.13,5.24,7.54
0.22 5.22
0.3 5.25
Lift Coefficient (Cl) 0.15 2.07,3.13,5.25,7.54
0.22 5.22
0.3 5.25
Pressure Coefficient (Cp) 0.15 2.07,3.13,5.25,7.54
0.22 5.22
0.3 5.25
Lift-to-Drag ratio (LjD) 0.15 2.07,3.13,5.25,7.54
0.22 5.22
0.3 5.25
Table 3.1: Summary of the parameters of the FI tests of the ONERA A section.
CHAPTER 3. MODELLING OF 2D CASES 64
F2 Wind Tunnel
Measurements Mach number Reynolds number Incidence Angle (degree)
Drag Coefficient {Co) 0.15 2 x 106 3.1°- 16.3°
Friction Coefficient (C/r) 0.15 2 x lO6 3.1°- 14.3°
Lift Coefficient (Q,) 0.15 2x 106 3.1°- 18.2°
Pressure Coefficient (Cp) 0.15 2 x lO6 0.1°- 18.2°
Lift-to-Drag ratio {L/D) 0.15 2x 106
Displacement thickness (5*) 0.15 2 x 106 7.2°, 12.3°, 13.3°
Momentum thickness (0) 0.15 2x 106 7.2°, 12.3°, 13.3°
Table 3.2: Summary of the parameters of the F2 tests of the ONERA A section.
3.1.1 ONERA FI Experimental Data
The surface pressure coefficients for the ONERA FI experiments are presented in figure (3.2). The results are for 
a range of incidence angles while a Mach number of M = 0.15 and a Reynolds number of Re = 2.07 x 106 were 
considered. The suction peak increased as the angle of attack increased and the aerofoil stalled at 17 degrees. For the 
20 degrees incidence, the surface pressure coefficient presents a plateau which is characteristic of a stalled aerofoil. 
The shape of the curve near the trailing edge suggests the presence of vortex shredding.
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Figure 3.2: Surface pressure coefficients for various incidence angles for the ONERA A aerofoil ( FI experiments, 
Af = 0.15 and Re = 2.07 x 106).
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Figures (3.3(a)) and (3.3(b)) present the results for the lift coefficient as a function of the Mach and Reynolds 
numbers, respectively. Considering a constant Reynolds number of Re = 5.22 x 106, figure (3.3(a)) presents the lift for 
three Mach numbers, of M=0.15, 0.22 and 0.30. The lift decreases as the Mach number increases. It is obvious from 
the figure (3.3(a)) that the case with Mach number at M=0.3 produces the smallest peak Q. On the other hand, the case 
at lower Mach number presents the higher lift peak. In figure (3.3(b)), the Mach number is kept constant at M — 0.15 
and the Reynolds varied fromite = 2.07 x 106 to 7.54 x 106. For incidences angles lower than 10 degrees the aerofoil 
produced similar amounts of lift. As the angle of attack increased and at Reynolds number of Re = 5.25 x 106, the 
section produced the highest amount of lift and highest lift peak. The case for Reynolds number at Re — 2.07 x 106 
presents some discrepancies close to stall.
Similar' to the previous comparisons, figures (3.3(c)) and (3.3(d)) illustrate the total drag coefficient initially as 
a function of Mach number and then as a function of Reynolds number. For the first case, two Reynolds numbers with 
close values are considered while the Mach number is varied between M = 0.15 and 0.22. As can be seen from figure 
(3.3(c)), the case with the higher Mach number produces the lowest drag coefficient. On the odier hand, when the Mach 
number is kept constant at M = 0.15 and the Reynolds number increases from Re = 2.07 x 106 to Re — 7.57 x 106, 
the drag reduces for incidence angles higher than 10 degrees. For angles of attack lower than 10 degrees, the case with 
the lower Reynolds number produces the most drag. It is characteristic that the cases with higher Reynolds number 
produces similar amounts of drag.
Figures (3.4(a)) - (3.4(d)) show the skin friction distribution for a range of Reynolds numbers. Considering 
a constant Mach number of M — 0.15 the skin friction coefficient around the ONERA A aerofoil is presented for a 
variety of incidence angles. There is a small reduction of Cf as the angle of attack increased. Similar results are 
observed in figures (3.5(a)) - (3.5(b)) where the skin friction distribution is presented for a variety of angles while the 
Mach and Reynolds numbers are considered constant at M — 0.22 and Re = 5.22 x 106, respectively.
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Figure 3.3: Lift and drag coefficients as function of incidence for the ONERA A section. The experiments correspond 
to the FI test case.
Sk
in
 F
ric
tio
n 
C
oe
ffi
ci
en
t (
Cf
) 
Sk
in
 F
ric
tio
n 
Co
ef
fic
ie
nt
 (C
t)
CHAPTER 3. MODELLING OF 2D CASES 67
0.018
0.016
0.014
0.012
0.008
0.006
0.004
0.002
■0.002
-0.004 0.6
Position (x/c)
0.014 t—i—|—i—r
0.012 -
0.008
0.006
0.004
0.002
-0.002 -
i ■ l I i i i I ■ i-0.004
0.6
Position (x/c)
(a) Re = 2.07 x 106 (b) fee = 3.13 x 106
0.016 t—1—i—r
0.014
0.012
0.008
0.006
0.004
0.002
■0.002
J__ I___L-0.004 0.6
Position (x/c)
T---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- f i—i—|—i—i—r
0.008
0.006
0.004
0.002
-0.002 -
-0.004 0.6
Position (x/c)
(c) Re = 5.24 x 106 (d) Re = 7.54 x 106
Figure 3.4: Skin friction measurements as function of incidence angle for the ONERA A aerofoil ( FI experiments, 
A/= 0.15).
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Figure 3.5: Skin friction measurements as function of incidence angle for the ONERA A aerofoil ( FI experiments, 
M = 0.15).
3.1.2 ONERA F2 Experimental Data
The ONERA A aerofoil was also tested at a different wind tunnel where new data were collected. Figure (3.6(a)) 
shows the surface pressure coefficient for a range of incidences from 5.2 degrees to 17.7 degrees. It is obvious that 
the results do not show the discrepancies that are present at similar conditions for the FI experiment. Figure (3.6(b)) 
presents the skin friction coefficient on the upper surface for a range of angles of attack. As the incidence increases, a 
reduction at the skin friction is observed while intense discrepancies occur close to the trailing edge of the aerofoil for 
14 degrees of angle of attack.
Figures (3.7(a)) and (3.7(b)) show the lift and drag coefficients for the ONERA A aerofoil. At an incidence 
of 13.8 degrees, the aerofoil produces the maximum lift, although, post this incidence the drag distribution shows an
abrupt increase.
2689
Li
ft 
C
oe
ffi
ci
en
t (
C,
)
CHAPTER 3. MODELLING OF 2D CASES 69
0.004-i i i |—r I I | I I I I | I I I I | I M I
0.0035
0.003
■0.0025
0.002
§0.0015
c 0.001
0.0005
-0.0005-0.5 r
-0.001
I i i i I
Position (x/c) Position (x/c)
(a) Surface pressure coefficient (b) Skin friction coefficient
Figure 3.6: Surface pressure coefficients and skin friction coefficients as functions of incidence for the ONERA A 
aerofoil (F2 experiments, M = 0.15 and Re = 2x 106).
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Figure 3.7: Lift and drag as a function of incidence angle for the ONERA A aerofoil ( F2 experiments, M = 0.15 and 
Re = 2x 106).
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The ONERA F2 test cases also include boundary layer information. Figures (3.8(a)) and (3.8(b)) show the dis­
placement and momentum thickness at three different incidence angles. Both displacement and momentum thickness 
increase as the angle of attack increases at constant Mach and Reynolds numbers.
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Figure 3.8: Displacement and momentum thickness as a function of incidence angle for the ONERA A aerofoil ( F2 
experiments, M = 0.15 and Re = 2 x 106).
The ONERA F2 measurements include profiles of the velocity and turbulent stresses inside the boundary layer. 
The measurements for these quantities were divided into two cases. The first case includes the results normal to the 
surface of the aerofoil and the second one the results measured normal to the free-stream. The profiles normal to the 
surface are included in the first case which is called Tl. The second case includes the results normal to free-stream.
Schematics of the two cases are shown in figures (3.9(a)) and (3.9(b)).
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T1 test case 
Normal to the surface
freestream
(a) T1 Velocity Piofiles
T2 test case
Normal to the freestream
Figure 3.9: Schematics for the T1 and T2 velocity profiles for the F2 ONERA A experiments.
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Figure 3.10 presents the comparison for the lift coefficient for the two test cases. As shown that the results for 
the El test case present some anomalies near stall.
1 I 1 1 t—i—i—|—i—i—r
1.6 -
M.15R.207E+07, FI 
M.15R.200E+07, F2
1.4 -
1.2 -
0.8 -
0.6 -
0.4 -
0.2 -
10
Incidence (a)
Figure 3.10: Comparison of the lift coefficient for the FI and F2 tests cases. The FI test case was measured at Mach 
number Af = 0.15 and Reynolds number Re = 2.07 x 106. The F2 test case was measured at Mach number Af = 0.15 
and Reynolds number Re = 2 x 106.
Since the measurements in the FI tunnel at Mach number 0.15 and Reynolds number 2.07 x 106 presented 
anomalies, this test case was replaced by the F2 data set at similar conditions. The deficiencies of the specific condition 
for the FI test case can be observed in the figure (3.10) where the lift coefficients of the two cases are compared. Based 
on this figure, the F2 data set was used for Mach number M = 0.15 and Reynolds number Re — 2x 106 as well as for 
the comparison of boundary layer quantities. For lift and drag calculations at higher Reynolds numbers, the rest of the 
FI data sets were appropriate.
3.1.3 CFD Mesh - ONERA A aerofoil
Care has been taken for the construction of the grid for the ONERA A aerofoil based on experiments. The domain 
extends 10 chord length upstream of the leading edge and downstream of the trailing edge. In the cross-stream 
direction, 10 chord lengths above and below the aerofoil were used. The grid is comprised of 201 points around
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the aerofoil distributed using a hyperbolic law, while normal to wall, 61 points under exponential law were distributed 
keeping the first cell distance at 10s. The grid used during the computation is shown in figures (3.11 (a)) and is (3.11 (b)) 
and it consists of approximately 40000 nodes.
x/c
(a) Full view of the 2D mesh around ONERA A aerofoil
x/c
(b) Detailed view of the mesh around ONERA A aerofoil
Figure 3.11: 2D mesh around ONERA A aerofoil.
In order to define the correct size of the grid, another two mesh were created, one with 33900 points and one 
with 129320 points. Figure (3.12) show the comparison of the lift coefficient for the different grids. The mesh with 
the extra points estimates higher lift from the other two cases. The grid with approximate 40000 nodes develeps the 
same lift as the more sparce grid. As it was demonstrated by Depommier^82', the addition of more points along the 
chord moves the transition towards the leading edge.
3.2 Transitional Flow over the ONERA A Aerofoil
The two-dimensional flow around the ONERA A arofoil was performed at conditions similar to the experiments 
performed by ONERA^81'. Initially, the effect of roughness on the aerodynamic characteristics of the aerofoil was 
studied. This was followed by calculations using the empirical correlations.
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Figure 3.12: Comparison of the lift coefficient for the different meshes. The calculations were performed at Mach 
number M = 0.15 and Reynolds number Re— 2x 106.
3.2.1 Modelling Roughness effects over the ONERA A aerofoil
To analyse the distributed roughness on the aerofoil, the rough wall boundary conditions were considered on a limited 
section of the aerofoil surface while smooth wall boundary conditions were applied everywhere else. For the specific 
calculations, the roughness was limited on the 10% of the aerofoil chord starting from the leading edge. The Reynolds 
number and Mach numbers were considered at Re = 2 x 106 and M = 0.15 respectively. The calculations were carried 
out for a range of incidence angles from 3.1 degrees to 16.3 degrees while the values of equivalent sand-grain roughness 
used are hs/c =1x10 4 and 2 x 10^4 as suggested by the test cases of Knopp et al,62'. These values correspond to 
real roughness of h=0.055mm and h=0.0689mm respectively18;,'.
Lift and Drag Calculations
The lift coefficient around the ONERA A aerofoil using the SST k — co and the baseline k — o) models can be seen in 
figures (3.13(a)) and (3.13(b)). Each of the figures presents the comparison between the Hellsten and Knopp roughness 
models with the existed experimental data from El and F2. In all cases the roughness models show a similar trend to 
the fully turbulent calculations which try to follow the results from the F2 experiment. As the sand-grain roughness 
increases and higher incidence angles are used, less lift is developed. Moreover, the models show a sensitivity on
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the turbulence model that is used. For the baseline k — (O, less lift is produced in comparison to the calculation 
with the SST k — (0 turbulence model. As the experiments did not consider roughness, the comparisons were used as 
indications that the roughness models models can follow the trend observed at the lift and drag calculations.
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Figure 3.13: Lift coefficient over a ONERA A aerofoil. Comparison between the HeHsten and Laine and Knopp 
roughness models and the experimental data from El and F2. Computations have been conducted with SST and BSL 
k — (0 turbulence models.( M = 0.15, Re = 2 x 106)
The drag coefficients presented in figures (3.14(a)) and (3.14(b)) corresponds to a total drag, is the sum of 
viscous and pressure drag. The roughness models show a tendency to follow the experimental data from the F2 test 
case even if they produce lower values of drag. For high angles of attack, the HeHsten and Laine model shows an 
increased value of drag.
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Figure 3.14: Drag coefficient over a ONERA A aerofoil. Comparison between the HeHsten and Laine and Knopp 
roughness models and the experimental data from El and F2. Computations have been conducted with SST and BSL 
k — (O turbulence models.( M = 0.15, Re = 2 x 106)
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Surface Pressure and Skin Friction Distributions
Figures (3.15(a))-(3.16(b)) show the surface pressure coefficient for incidence angles of 7.2 degrees and 12.3 degrees. 
For the cases where the roughness models are compiled with the SST k-(£> turbulence model, both roughness models 
appear to have a lower pressure peak than the experimental data or the fully turbulent results. For the cases where the 
baseline k — (O is used the Hellsten and Laine roughness model shows a higher pressure peak than the fully turbulent 
calculations but again it is lower than what the experimental data.
Roughn«ft« Hvllstan model '
Roughness ht/e»2.10'\ Ha Us tan model I 
Roughness h>lc»110'\ Knopp model ~ 
Rouahness h /c»2 10~‘ Knnnn mortal
Position (x/c)
Roughness h.te-I.IO-4, Hellsten i
Position (x/c)
(a) SST k- co model (b) BSL It - a) model
Figure 3.15: Surface pressure coefficient for the ONERA A aerofoil at 7.2 degrees. Comparison between the Hellsten 
and Knopp roughness models with the experimental data. ( M = 0.15, /?<? = 2 x 106).
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Figure 3.16: Surface pressure coefficient for the ONERA A aerofoil at 12.3 degrees. Comparison between the Hellsten 
and Knopp roughness models with the experimental data. ( M = 0.15, Re = 2 x 106).
When the skin friction coefficient was calculated, figures (3.17(a)) and (3.18(b)), all models showed a tendency 
to follow the fully turbulent calculations with the Knopp model and low sand-grain roughness to be closer to them. 
As was observed in the surface pressure coefficient comparisons, increased sand-grain roughness does not mean an 
overall increase of the skin friction.
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Figure 3.17: Skin friction coefficient over the ONERA A aerofoil for 7.2 degrees angle of attack. Comparison between 
the computations with Hellsten and Knopp roughness models and experimental data. ( M = 0.15, Re = 2 x 106)
3.2.2 Empirical Transition Models over the ONERA A Aerofoil
Besides using the ONERA A aerofoil to model the roughness effect, the aerofoil was used to validate the empirical 
correlation transition models. Three calculations were performed at conditions similar to the experiments performed by 
ONERA181'. For the first set of calculations, the Reynolds number and Mach numbers were considered at Re = 2 x 106 
and Af = 0.15 respectively. Furthermore, the aerofoil was also tested at Reynolds numbers of Re = 3.13 x 106 and
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Figure 3.18: Skin friction coefficient over the ONERA A aerofoil 12.3 degrees angle of attack. Comparison between 
the computations with Hellsten and Knopp roughness models and experimental data. ( M = 0.15, Re = 2 x 106)
Re = 5.25 x 106. For both Reynolds numbers, the Mach number was M = 0.15 and the flow was computed at incidence 
angles of 8, 13 and 17 degrees. The first angle of attack is far from stall, the second one is near stall and the last one is 
post stall. Table (3.3) summarises the parameters of computations.
Case Mach Number Reynolds Number Angle (degrees)
1 0.15 2x 106 3.1 ,5.2,7.2
12.3, 13.3, 14.3
15.3, 16.3
2 0.15 3.13 x 106 8-13-17
3 0.15 5.22 x 106 8-13-17
Table 3.3: Summary of the parameters for the computed ONERA A aerofoil test cases.
Lift and drag calculations
Lift and drag coefficients as function of the incidence angle are presented in figures (3.19) and (3.20). The figures show 
the comparison between the results of the HMB code using the empirical correlations transition models with estimates 
from the XFOIL code, and the experimental measurements from the FI and F2 sets. The calculations for the XFOIL 
code were obtained considering both fully turbulent and laminar conditions with Ncrj, = 2.6 and = 9 respectively.
As can be seen from figure (3.19(a)), the results for the empirical correlations are in good agreement with 
the experimental data for incidence angles below 13 degrees. For angles of attack higher than 13 degrees both criteria 
result in overprediction of the produced lift. The latter is due to the presence of the transition points close to the leading
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edge on the upper surface and therefore the flow is stalled like for the fully turbulent case. The lift coefficient calculated 
by the HMB code for both sets of empirical criteria show a tendency to follow the FI experimental data. The results of 
the code for the fully turbulent conditions underpredicts both experimental data for low angles of attack. Moreover, for 
incidence angles greater than 12 degrees HMB approximates better the FI experimental data showing similar lift peak. 
The XFOIL code for the fully turbulent conditions (Ncrit = 2.6) follows the FI experimental measurements showing 
of similar peak for the lift. On the other hand, for Ncrit = 9, the XFOIL code agrees better with the experimental 
data. For the case where Re = 3.13 x 106, the lift coefficient can be seen in figures 3.19(b)). The results show a 
similarity with the case of Re — 2 x 106 where the empirical correlations of the Michel and Cebeci Smith overpredict 
the experimental data. Both models continue to overestimate the lift even for angles of attack higher than 15 degrees 
where the experiments show a reduction of lift. This reduction of the lift is captured from the fully turbulent conditions 
but it is not observed in the transition calculations. The XFOIL code, on the other hand, underestimates the produced 
lift. Even for the case where Re = 5.25 x 106, transition calculations overpredicted the estimated lift as it can be seen 
in figure (3.19(c)).
Figure (3.20(a)) shows the comparison of the drag coefficients calculated by the HMB and XFOIL codes 
with the experimental data for the case of Re ~ 2 x 106. Both codes fail to predict correctly the drag, although 
they follow a similar trend with the FI experimental data. The HMB code overpredicts the drag coefficient for all the 
incidence angles using either fully turbulent conditions or one of the empirical correlations. Michel’s criterion predicts 
similar values of drag coefficient with the Cebeci and Smith correlation, a behaviour that was also observed during the 
calculation ol the lift coefficient. On the contrary, XFOIL underpredicts the experimental FI data when fully turbulent 
conditions are considered. For higher turbulence intensity, the XFOIL code shows a somehow better agreement with 
the FI experimental data but not with F2. Cases with Re = 3.13 x 106 and Re = 5.25 x 106 can be seen in figures 
(3.20(b)) and (3.20(c)) respectively. The predictions for the drag coefficients based on the transition models fail to 
agree with the experimental data for both Reynolds numbers. The HMB code overpredicts the drag for fully turbulent 
and transitional calculations. The XFOIL code for NCnt = 9 underpredicts the produced drag.
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Figure 3.19: Lift coefficient of the ONERA A aerofoil. Comparison between fully turbulent and empirical criteria 
(Michel and Cebeci-Smith) for the HMB code with XFOIL calculations and experimental data from the FI and the ¥2 
sets. The XFOIL calculations are for Acr/, = 2.6 and Ncrit = 9.
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Figure 3.20: Drag coefficient of the ONERA A aerofoil. Comparison between fully turbulent and empirical criteria 
(Michel and Cebeci-Smith) for the HMB code with XFOIL calculations and experimental data from the El and the F2 
sets. The XFOIL calculations are for Ncri, = 2.6 and Ncri, = 9.
CHAPTER 3. MODELLING OF 2D CASES 82
Transitional Flow Analysis
In order to estimate the onset of the transition from either the Michel's or the Cebeci and Smith’s criteria, the point 
of the intersection between the momentum thickness Reynolds number and the Reynolds number calculated from the 
criteria must be computed. Figures (3.21(a)) - (3.21(d)) present the results for both empirical correlations and at the 
incidence angles of 7.2 and 13.3 degrees. As the angle of attack increases, the onset of the transitional flow moves
towards the leading edge for the upper surface of the aerofoil. For the pressure side of the aerofoil, on the contrary, 
the onset of transition moves downwards to the trailing edge for increasing incidence angle. This means that the flow
remains laminar for the majority of the pressure side.
(b) Cebeci and Smith criterion (a = 7.2 degrees)
Position (s/c)
(c) Michel criterion (a = 13.3 degrees)
Position (s/c)
(d) Cebeci Smith method (a = 13.3 degrees)
Figure 3.21: Momentum thickness Reynolds number produced from Michel’s criterion (ReMici,), the Cebeci and Smith 
method (Recebeci-Smith) and momentum thickness Reynolds number (Rcq) around the curvilinear location downstream 
of the stagnation point on the upper and lower surfaces of the Onera A aerofoil. { M = 0.\5, Re — 2x 106)
The information from the previous figures can be concentrated in figure (3.22) which presents the transition
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location as a function of incidence. The computational results from the HMB code are compared with the results of 
XFOIL. The latter was run for two different values of the parameter Ncrit (Ncri, = 2.6, and Ncri, = 9) that correspond 
to two different levels of turbulence intensity, from fully turbulent (1%) to laminar conditions (0.07%), respectively. 
The results show the typical trend observed in the previous figures with the momentum thickness Reynolds number 
from the different models. It is interesting that above 10 degrees the flow remains laminar for the majority of the lower 
surface. Also, if the two correlations are compared, the Cebeci and Smith criterion predicts the onset of transition 
closer to the leading edge for the upper surface than Michel’s criterion. On the contrary, on the pressure side of the 
aerofoil, the transition point estimated with Michel’s criterion is closer to the trailing edge. The XFOIL code at fully 
turbulent conditions predicts the onset of the transition for the whole range of incidence earlier than the other methods. 
Considering lower numbers of turbulence intensity, the results of the XFOIL code agree better with the outcome of 
the Cebeci and Smith method for the upper surface. For the lower surface and for angles of attack lower than 10 
degrees, XFOIL estimates the onset of transition closer to trailing edge, and later transition than the calculations from 
the empirical correlations.
— —....... XFOIL. Ntrtl:2.6 (Tu%:1.003%)
■ ♦ XFOIL. Nertl:9 (Tu%:0.070%)
j_i__I_i_i_i_L l i i i I
Transition Position (x/c)
Figure 3.22: Transition point as a function of the angle of attack for the ONERA A aerofoil. Comparison between the 
HMB and XFOIL codes. The HMB results are computed using Michel’s criterion and the Cebeci and Smith method. 
XFOIL calculations are for Ncrj, = 2.6 and Ncri, = 9 ( M = 0.\5, Re = 2 x 106).
Similar results can be observed in figures (3.23(a)) and (3.23(b)) where /te = 3.13 x 106 and Re — 5.25 x 106 
are considered. At both conditions, the Cebeci and Smith criterion predicts slightly earlier transition in relation to 
Michel’s correlation for the suction side of the aerofoil. For the lower surface, the start of transition based on the
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Cebeci and Smith criterion occurs nearer to the trailing edge in comparison with Michel’s criterion. The XFOIL, at all 
conditions predicted the onset of the transition on the upper surface earlier than the empirical correlations and closer 
to the trailing edge for the lower surface.
T—!—!—!—l—T—t—r—r
XFOIL, (Tu%:0.07%)
Re: 3.13 10*
Transition Position (x/c)
(a) ( M = 0.15, /te = 3.13 x 106)
1--- 1----1----T ' 1 I 1
XFOIL, N^: 9 (Tu%:0.07%)
Transition Position (x/c)
(b) ( M = 0.15, Re = 5.25 x 106)
Figure 3.23: Transition point as a function of incidence for the ONERA A aerofoil. XFOIL calculations are for 
NCrit = 9.
Surface Pressure and Skin Friction Distributions
The surface pressure coefficient on both sides of the aerofoil and a detailed view of the leading edge region are shown 
in figures (3.24(a)) to (3.24(b)). The results are for M = 0.15, and Re = 2 x 106. For incidence angles lower than
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7.2 degrees, the computed surface pressure distributions show good agreement with the experimental data, although, 
the suction peak in all calculation is slightly lower than the experimental value. Moreover, close to the trailing edge, 
the HMB code predicts better the surface pressure distribution in comparison to the XFOIL code which indicates 
flow separation. For incidence angles higher than 7.2 degrees more substantial differences are seen between the 
experimental and the computational results. For incidence angles higher than 13.3 degrees, the empirical correlations 
start to overpredict the surface pressure on the suction side of the aerofoil and fail to predict correctly the pressure 
close to the trailing edge due to flow separation. Post stall, HMB and XFOIL fail to predict the measured pressure 
distribution.
For Reynolds number at 3.13 x 106, the surface pressure distribution is shown in figures (3.25(a)) - (3.25(b)). 
The results are for incidence angles of 8.1 and 17.1 degrees. For angles of attack lower than the stall angle, all 
computations show good agreement with the experimental data. The calculations based on empirical criteria manage 
to compute the suction peak while the fully turbulent calculations underpredict it. The surface pressure distribution 
estimated with the empirical correlations is in better agreement with the experimental data. There is also an obvious 
surface pressure coefficient peak close to the leading edge which was also observed at lower Reynolds numbers. 
At 17.1 degrees, both empirical criteria failed to predict the measured surface pressure coefficient overshooting the 
experimental data.
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■ » XFOIL, N^: t (TuV0.070*>»)
Position (x/c)
(a) a=7.2 degrees
■: tir « XFOIU N., 2 6(TuX1
Position (x/c)
Figure 3.24: Surface pressure coefficient for the ONERA A aerofoil. Comparison between the HMB and XFOIL 
codes with experimental data. The HMB results are derived considering fully turbulent conditions, Michel's criterion 
and Cebeci Smith method. For XFOIL, Ncrit = 2.6 and 9 were considered. ( M = 0.15, /te = 2 x 106).
XFOIL. N„: t (TuVO.070%)
Position (x/c) Position (x/c)
(b) a =17.1 degrees
Figure 3.25: Surface pressure coefficient for the ONERA A aerofoil. Comparison between the HMB and XFOIL codes 
with the experimental data. The HMB results are derived considering fully turbulent conditions, Michel’s criterion 
and Cebeci and Smith method. For XFOIL, Ncri, = 9 were used. (M = 0.15, /?e = 3.13 x 106).
Similar results are also presented for the case where a Reynolds number of Re = 5.25 x 106 is considered and 
these can be seen on figures (3.26(a)) - (3.26(b)).
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XF»U N„: 9 (TuV0.070%)
Position (x/c)
(a) a =8.1 degrees
Position (x/c)
(b) a =17.1 degrees
Figure 3.26: Surface pressure coefficient for the ONERA A aerofoil. Comparison between the HMB and XFOIL codes 
with the experimental data. The HMB results are derived considering fully turbulent conditions, Michel’s criterion 
and Cebeci Smith method. For XFOIL, Ncrit — 9 were used. (M = 0.15, Re = 5.25 x 106).
The skin friction distribution on the suction side of the ONERA A aerofoil is shown in figures (3.27(a)) to 
(3.27(b)). For the case of Reynolds number at Re = 2 x 106, three different incidence angles were considered: 7.2 
and 13.3 degrees, respectively. The figures present the calculations for the fully turbulent conditions and the empirical 
correlations of Michel and Cebeci and Smith . The results from HMB are compared with the experimental data of the 
F2 test as well as with results from XFOIL. For the latter, two levels of turbulence intensity were used, Tu% = 0.07% 
( Merit = 9 ) and Tu% = 1.003% ( Ncrn = 2.6 ). The skin friction distributions calculated with the empirical criteria 
show good agreement with the experimental data close to the trailing edge. There are no experimental data close to 
the leading edge of the aerofoil where the onset of transition occurs. The Cebeci and Smith method has the tendency 
to predict earlier the lower value of skin friction in comparison to Michel’s criterion. This can explain the earlier 
prediction of onset that is observed with the Cebeci and Smith model. The eN method shows similar results with the 
empirical correlations overpredicting the experimental data. Negatives Cy values indicate a laminar separation bubble 
for the case where Ncrj, = 9. This is not observed with the HMB code.
The skin friction distribution calculated for Reynolds number Re = 3.13 x 106 is presented in figures (3.28(a)) 
-(3.28(b)). As can be seen, the fully turbulent calculation underestimates the skin friction on the suction side. Michel’s 
criterion and the Cebeci and Smith method, which have similar values, are in good agreement with the experimental 
data. The results from XFOIL show improvement in comparison to the results for Re = 2 x 106. XFOIL captures well 
the experimental point at 20% of the chord while the results from the empirical correlations show a milder change of 
the skin friction. At 17 degrees of incidence angle, none of the codes manage to accurately predict the skin friction
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XFOIL, N^,: 2.6 (Tu%: 1.003%)
o 0.01
Position (xlc)
(b) tt=13.3 degrees
XFOL, N.,: 2 6 (Tu%:1 003%) 
XFOIL, N^.: 9 (Tu%:0.070%)
Position {xlc)
(a) a=1.2 degrees
Figure 3.27: Skin friction distribution over the ONERA A aerofoil. Comparison between the HMB and XFOIL codes 
and experimental data. The HMB results are derived considering fully turbulent conditions, Michel’s criterion and the 
Cebeci and Smith method. For XFOIL, Ncrj, = 2.6 and 9 were considered. (M = 0.15, Re — 2x 106)
distribution.
■ * ' XFOIU N^: 9 (Tu%:0.070%) _
0.015 -
o’ 0.01
Position (x/c)
(b) a =17.1 degrees
Position (x/c)
(a) a =8.1 degrees
Figure 3.28: Skin friction coefficient over the ONERA A aerofoil.Comparison between the HMB and XFOIL codes 
and experimental data. The HMB results are derived considering fully turbulent conditions, Michel’s criterion and 
Cebeci Smith method. For XFOIL, a Ncri, = 9 were considered. (M = 0.15, /te = 3.13 x 106)
For the case of Re = 5.25 x 106, the empirical models agree with the experimental data for almost 50% of 
the aerofoil chord as can seen in figures (3.29(a)) - (3.29(b)). For the case of 17 degrees, both models overpredict the 
skin friction coefficient. For the case where fully turbulent flow is considered, HMB underpredicts the experimental 
data for all angles of attack. On the other hand, XFOIL has better agreement with the experiments for all the cases. 
One exception is the region close to the trailing edge for 17 degrees where XFOIL fails to predict accurately the skin
friction.
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Position (x/c)
(a) a =8.1 degrees
o' o.oi
Position (x/c)
(b) a =17.1 degrees
Figure 3.29: Skin friction coefficient over the ONERA A aerofoil. Comparison between the HMB and XFOIL code 
and experimental data. The HMB results are derived considering fully turbulent conditions, Michel’s criterion and 
Cebeci Smith method. For XFOIL, a Ncril — 9 were considered. (M = 0.15, Re = 5.25 x 106)
3.2.3 k — (O — y — Ree, Model over the ONERA A Aerofoil
The computations with the K— (O — y— Reg, model over the ONERA A-aerofoil were performed for Reynolds number 
and Mach numbers at Re = 2x 106 and M = 0.15 respectively. The calculations with the k — (O — y— Ree, model 
required almost double the cpu time to reach 10-5 at the convergence history in comparison to the fully turbulent 
solution.
Lift and Drag Calculations
Lift and drag coefficients as function of the incidence angle are presented in figures (3.30(a)) and (3.30(b)). The figures 
show the comparison between the results of the HMB code using the empirical correlations and the K- — to — y — Rcq, 
model with estimates from the XFOIL code, and the experimental measurements from the FI and F2 sets. The 
calculations with XFOIL were obtained considering both fully turbulent and laminar conditions with (Vcn> = 2.6 and 
Ncrit = 9respectively. As can be seen, the results with the jc - a) — y- Ree, model follow the same trend with the 
lift and drag coefficient calculated by the HMB code with the use of the empirical correlations. The LCTM model 
predicts higher values of lift from the fully turbulent for incidence angle higher than lOdegrees. On the other hand, the 
k — (o-y— Ree, model produce the same amount of drag with the empirical correlation models which is lower than 
the fully turbulent calculations. For both, lift and drag, all models fails to follow the experimental data.
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Figure 3.30: Lift and drag coefficients as function of incidence of the ONERA A aerofoil. Comparison between fully 
turbulent, empirical criteria (Michel and Cebeci-Smith), k — co- y- Reg, transition model for the HMB code with 
XFOIL calculations and experimental data from the FI and the F2 sets. The XFOIL calculations are for Ncrn = 2.6 
and Ncrit = 9. ( M = 0.15, Re = 2 x 106)
Transitional Flow Analysis
The onset of transition for a range of incidence angles is presented at figure (3.31). Three different methods were used, 
with Michel’s criterion, Cebeci Smith method and K — co — y— Rcq, transition model. The calculations with XFOIL 
code were conducted with two different levels of turbulent intensity, one at fully turbulent (7’»(%) = 1, Ncri, = 2.6) and 
one at laminar {Tu{%) = 0.07,Ncrj, — 9). The K — co — y— Reg, transitional model follows the trend observed during 
the calculations with the empirical correlation models. The results for the suction side obtained by XFOIL include all 
transition model predictions in their envelope.
Surface Pressure and Skin Friction Distributions
The surface pressure coefficient on both sides of the aerofoil and a detailed view of the leading edge region are shown 
in figures (3.32(a)) to (3.32(c)). The results arc for M = 0.15, and Re = 2x 106. For all incidence angles, the computed 
surface pressure distributions calculated with the K — co — y—Ree, transition model show good agreement with the 
experimental data following the same trend observed with the calculation of the empirical correlations. Although, the 
suction peak in all calculation for the K — co — y— Rcq, transition model is lower than the experimental value, closer 
to the values calculated during a fully turbulent flow. As can be seen from the embedded picture, the results of XFOIL 
failed to estimate the experimental data, with transitional results (Afn-, = 9) to be close to the experiments for incidence
CHAPTER 3. MODELLING OF 2D CASES 91
1 i 1 ■
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Transition Position (x/c)
Figure 3.31: Transition point as a function of incidence for the ONERA A aerofoil. Comparison between the HMB and 
XFOIL codes. The HMB results are computed using Michel’s criterion, Cebeci Smith method and K — a> — y— Reg, 
model. XFOIL calculations are for Ncri, = 2.6 and Ncrn = 9 ( M = 0.15, Re = 2 x 106).
angle of 7.2 degree but when the angle of attack was increased the fully turbulent results (Ncri, = 2.6) to be closer.
The skin friction distribution on the suction side of the ONERA A aerofoil is shown in figures (3.33(a)) to 
(3.33(c)). Three different incidence angles were considered, at 7.2, 12.3 and 13.3 degrees, respectively. As experi­
mental data exists only close to the trailing edge of the aerofoil, the k — co — y— Reg, model agrees better with the 
them than with the results with the empirical correlation models or the XFOIL code which predict higher values. Ex­
plaining the results at figure (8.2), the k: — 0) — y — Reg, transition model predicts the onset of transition earlier than the 
empirical correlations and XFOIL code. Also for the skin friction coefficient is easy to see that the length of transition 
is shorter that the one predicted with the empirical correlation models. The XFOIL results are further away from the
experiments in this case.
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(a) a=7.2 degree
Position (x/c) 
(b) a= 12.3 degrees
Position (x/c)
(c) a= 13.3 degrees
Figure 3.32: Surface pressure distribution for the ONERA A aerofoil. Comparison between the HMB and XFOIL 
codes with the experimental data. The HMB results are derived considering fully turbulent conditions, Michel’s 
criterion, Cebeci Smith method and K—co-y— Reg, transition model. For XFOIL, Ncru =2.6 and 9 were considered. 
(M = 0.15,/?e = 2 x 106)
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Figure 3.33: Skin friction distribution for the ONERA A aerofoil. Comparison between the HMB and XFOIL codes 
with the experimental data. The HMB results are derived considering fully turbulent conditions, Michel’s criterion, 
Cebeci Smith method and K-co- y-Reet transition model. For XFOIL, Ncri, = 2.6 and 9 were considered. (M = 
0.15,/?e = 2 x 106)
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3.3 NLF-0416 Aerofoil
The NLF-0416 belongs to the natural-laminar-flow aerofoil family. These aerofoils were designed and constructed 
from NASA for general aviation applications. The initial emphasis of this type aerofoil was to achieve higher lift coef­
ficients and lower drag coefficient from existing aerofoils184'. The aerofoil was tested in the Langley Low-Turbulence 
Pressure tunnel for a range of angles of attack, from -4 degrees to 20 degrees. The wind tunnel model of the NLF-0416 
had a cord of 609mm and a span of 914.4mm. A view of the aerofoil can be seen in figure (3.34) while the points for 
the construction of the aerofoil are presented in table (3.4).
Figure 3.34: NLF-0416 aerofoil.
Upper Surface Upper Surface
x/c y/c x/c y/c x/c y/c x/c y/c
0.00049 0.00403 0.49172 0.09166 0.00073 -0.00439 0.57122 -0.04063
0.00509 0.01446 0.54204 0.08515 0.00709 -0.01154 0.62019 -0.03250
0.01393 0.02573 0.59256 0.07801 0.01956 -0.01883 0.67014 -0.02231
0.02687 0.03729 0.64262 0.07047 0.03708 -0.02594 0.72107 -0.01221
0.04383 0.04870 0.69155 0.06272 0.05933 -0.03254 0.77156 -0.00364
0.06471 0.05964 0.73872 0.05493 0.08609 -0.03847 0.82012 0.00278
0.08936 0.06984 0.78350 0.04724 0.11708 -0.04361 0.86536 0.00667
0.11761 0.07904 0.82530 0.03977 0.15200 -0.04787 0.90576 0.00792
0.14975 0.08707 0.86357 0.03265 0.19050 -0.05121 0.93978 0.00696
0.18404 0.09374 0.80779 0.02594 0.23218 -0.05357 0.96638 0.00478
0.22169 0.09892 0.92749 0.01974 0.27659 -0.05494 0.98520 0.00242
0.26187 0.10247 0.95224 0.01400 0.32326 -0.05529 0.99633 0.00065
0.30422 0.10425 0.97197 0.00862 0.37167 -0.05462 1.00000 0.00000
0.34839 0.10405 0.98686 0.00398 0.42127 -0.05291
0.39438 0.10162 0.99656 0.00098 0.47150 -0.05009
0.44227 0.09729 1.00000 0.00000 0.52175 -0.04614
Table 3.4: Somers’ NLF-0416 aerofoil coordinates'84'.
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3.3.1 CFD Mesh - NLF-0416 aerofoil
For the calculations around the NLF-0416 aerofoil a mesh of C-topology was used. For the grid, 108 nodes were 
distributed on the upper surface of the aerofoil with an equal number of nodes on the lower. The wake was covered 
with 70 nodes while 40 nodes are distributed in the normal direction. The edges normal to the aerofoil were meshed 
with exponential node distributions, with first cell distance of 10-'* chords. The edges leaving the aerofoil’s trailing 
edge had an exponential node distributions with the first node distance of 10”4 chords. In total, the grid has 46,320 
nodes and is shown in figures (3.35(a)) and (3.35(b)).
(a) Full view of the 2D mesh around NLF 0416 aerofoil (b) Detailed view of the mesh around NLF 0416 aerofoil
Figure 3.35: 2D mesh around NLF 0416 aerofoil.
3.4 Transitional Flow over the NLF-0416 Aerofoil
For this test case, the Reynolds and the free-stream Mach numbers were Re = Ax 106 and M = 0.1. To simulate the 
experimental data the free-stream turbulence intensity was also set to 7’</(%) = 0.1. For the XFOIL code, a value of 
NCrit ^ 8.15 was considered. The calculations were carried out for a range of incidence angles.
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3.4.1 Empirical Transition Models over the NLF-0416 Aerofoil
For this case, beside the criteria of Michel and Cebeci Smith, an alteration of the Michel criterion is used during the 
computations. As it was presented in the paper of Heister the empirical correlation equation is given as:
^Michel v2 = 1 • 174 * Re®'46 (3.1)
As can be seen from figure (3.36), this variant of Michel criterion produces lower values of momentum thick­
ness Reynolds number for the same displacement thickness Reynolds number.
Rex»r
Figure 3.36: Comparison of momentum and displacement thickness Reynolds number for Michel criterion and Michel 
criterion variant 2.
Lift and drag calculations
Lift and drag coefficients as a function of incidence angle are presented in figures (3.37(a)) and (3.37(b)). In both 
cases, similar behaviour to the ONERA A and NACA 0012 aerofoils is observed. The transition models predict higher 
levels of lift than the fully turbulent calculations and significant lower values of drag. There is no difference between 
the two variants of the Michel criterion. Though, the slope of the drag coefficient calculated with XFOIL code is 
smaller than the fully turbulent or transitional calculations, when the reduction of total drag at 10 degrees angle of 
attack is approximately 10% from the other models.
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Figure 3.37: Lift and drag coefficients as function of incidence. Results from HMB for the flow around the NLF-0416 
aerofoil. The calculations are with Michel and Cebeci and Smith criteria. ( M=0.1, Re=4 x 106, Tu = 0.1%).
Transitional Flow Analysis
The following figures present the momentum thickness Reynolds number using Michel's criterion and the Cebeci 
Smith method for the incidence angles of 4 degrees. The cross points between the Reynolds number of each model 
with the momentum thickness Reynolds number defines the transition location. By increasing the angle of attack, the 
cross point and by definition the onset of transition in moves towards the leading edge of the aerofoil.
The onset of the transitional flow can be seen in figure (3.39). For all calculations, 25 transitional iterations with 
4000 implicit and explicit steps were selected. Michel’s criterion agrees well the experimental data for both surfaces 
of the aerofoil. The Cebeci and Smith criterion shows to underpredict the transition point for the upper surface of the 
aerofoil. The variant of the Michel’s criterion, as it was seen from figure (3.36), estimates less momentum thickness 
Reynolds for the same values of displacement thickness Reynolds number which has as a result to predict an early 
onset of transition. On the other hand, eN method, with the use of Ncri, = 8.15 overpredicts the experimental data. It 
is interesting that for the lower surface at 0 degrees, XFOIL code estimates the onset of transition 15% downstream of 
the experimental value.
Surface pressure and Skin Friction Distribution
In this section, pressure (figures (3.40(a))- (3.40(b)) ) and skin friction (figures (3.41(a)) - (3.41(b)) ) distributions 
from fully turbulent and transitional calculations are presented and compared with the data from XFOIL. Results from 
calculations employing both Michel and Cebeci and Shaw criteria are provided. Both transition models calculated
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Figure 3.38: Momentum thickness Reynolds number produced with Michel’s criterion {ReMich), the Cebeci and Smith 
method {Recebed-Smith) and momentum thickness Reynolds number {Ree) in comparison with the curvilinear location 
on the upper and lower surfaces of the NLF-0416 aerofoil at 4 degrees. {M = 0.\, Re = 4x 106)
increased values of Cp and higher pressure peak than the fully turbulent calculations.
When the skin friction coefficient was compared, the transition models estimated a slight increased transitional 
region in comparison with the XFOIL code. This was also indicated by the steep slope of C/ curve for XFOIL code. 
The onset of transition was calculated more downstream from the location where the Cebeci and Smith had estimated. 
As it was expected, see figure (3.36), the variant of Michel criterion estimated an early onset in comparison with the 
initial version of the model. The result from the skin friction distribution can explain figure (3.42) which show the 
turbulent Reynolds number distribution over the NLF-0416 aerofoil for incidence angle of 10 degrees. As it can be 
seen, the fully turbulent calculations considered that the flow becomes turbulent almost from the leading edge for the 
upper surface. The estimation of the location where Rp — 1 from the transition models agrees well the results for
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Figure 3.39: Transition point as a function of incidence for the NLF-0416 aerofoil. Experimental data in comparison 
to the calculations with Michel, Cebeci Smith criteria and XFOIL code. (A/ = 0.1,/?e = 4x 106)
the calculation of skin friction distribution, with Michel’s criterion variant to estimated it earlier from all the other
transition models.
XFOIL, N .. 8.15 (TuVO 1%)
Position (x/c) 
(a) a=4 degrees
XFOIL, N-:«.15(TuX:0.1X):
Position (x/c) 
(b) a=10 degrees
Figure 3.40: Comparison of the surface pressure distribution of NLF-0416 aerofoil for HMB (fully turbulent, Michel’s 
correlation, new Michel’s criterion and Cebeci and Smith model) and XFOIL.( M = 0A, Re = 4 x 106)
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Figure 3.41: Skin friction distribution of the NLF-0416 aerofoil. Comparison between the HMB and XFOIL codes. 
The HMB results for fully turbulent, the Michel’s equation, the new Michel’s criterion and the Cebeci and Smith 
model( M = 0.1, fie = 4 x 106).
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Figure 3.42: Turbulent Reynolds number distribution over the NLF-0416 aerofoil.( Af = 0.1, fie = 4 x 106, a — 10°)
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3.5 S809 Aerofoil
The S809 aerofoil belongs to the NREL thick-aerofoil family. It is 21% chord thick and was designed by Somers*85* 
in 1986 using the Eppler code. It was initially tested at the low-turbulence wind tunnel of the Delft University of 
Technology. The model that was constructed had a chord of 600mm and a span of 1248mm*85*. The S809 coordinates 
given in from Somers' report are listed in table 3.5. The S809 section is frequently used for validation of CFD methods 
and has been discussed in various papers*78**86*.
Figure 3.43: S809 aerofoil.
Upper Surface Upper Surface
x/c y/c x/c y/c x/c y/c x/c y/c
1.000000 0.000000 0.428461 0.101760 0.000000 -0.000020 0.353370 -0.108181
0.996203 0.000487 0.382612 0.101840 0.000213 -0.001794 0.395329 -0.108011
0.985190 0.002373 0.337260 0.100070 0.001045 -0.003477 0.438273 -0.104552
0.967844 0.005960 0.292970 0.096703 0.001208 -0.003724 0.527928 -0.086571
0.945073 0.011024 0.250247 0.091908 0.002398 -0.005266 0.576211 -0.073979
0.917488 0.017033 0.209576 0.085851 0.009313 -0.011499 0.626092 -0.060644
0.885293 0.023458 0.171409 0.078687 0.023230 -0.020399 0.676744 -0.047441
0.848455 0.030280 0.136174 0.070580 0.042320 -0.030269 0.727211 -0.035100
0.807470 0.037766 0.104263 0.061697 0.065877 -0.040821 0.776432 -0.024204
0.763042 0.045974 0.076035 0.052224 0.093426 -0.051923 0.776432 -0.024204
0.715952 0.054872 0.051823 0.042352 0.124111 -0.063082 0.823285 -0.015163
0.667064 0.064353 0.031910 0.032299 0.157653 -0.073730 0.866630 -0.008204
0.617331 0.074214 0.016590 0.022290 0.193738 -0.083567 0.905365 -0.003363
0.567830 0.084095 0.006026 0.012615 0.231914 -0.092442 0.938474 -0.000487
0.519832 0.093268 0.000658 0.003723 0.271438 -0.099905 0.965086 0.000743
0.474243 0.099392 0.000204 0.001942 0.311968 -0.105281 0.996141 0.000290
Table 3.5: Somers’ S809 aerofoil coordinates*85*.
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3.5.1 CFD Mesh - S809 aerofoil
The grid used for this aerofoil followed the same technique as the one for the previous aerofoils, with 272 nodes were 
equally distributed between the upper and lower surface of the aerofoil. This is close to the maximum value XFOIL 
can handle. 120 nodes are distributed in the normal direction and another 71 nodes in the wake. The edges normal to 
the aerofoil approached with an exponential distribution and first cell distance of 10“5 chords and the edges leaving 
the aerofoil trailing edge had a exponential distribution with the first node distance of 5 x 10~4 of a chord. In total, the 
grid has 99,360 nodes and is shown in figures (3.44(a)) and (3.44(b)).
(a) Full view of the 2D mesh around S809 aerofoil (b) Detailed view of the mesh around S809 aerofoil
Figure 3.44: 2D mesh around S809 aerofoil.
3.6 Transitional Flow over the S809 Aerofoil
For the S809 aerofoil, the Mach and Reynolds numbers were A/ = 0.1 and Re — 2x 106. These conditions are similar 
to the conditions used by Somers t85'. The calculations were carried for a range of incidence angle. Initially, the effect 
of roughness on the aerofoil was studied and then the calculations using the empirical correlations were followed. This 
aerofoil was used also for the validation of the jc — to — y— Ree, model.
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3.6.1 Modelling Roughness effects over the S809 aerofoil
In order to analyse the effects of roughness on the S809 aerofoil, the rough wall boundary conditions were considered 
on the 10% of the aerofoil chord from the leading edge while smooth wall boundary conditions were applied every­
where else. The values of equivalent sand-grain roughness used are hs/c — l x \0 4 and 2x10 4 as suggested by the 
test cases of Knopp et al|62J.
Lift and drag calculations
The lift coefficient around the aerofoil using SST k — co and baseline A —mean be seen in figures (3.45(a))) and 
(3.45(b)). Each figure presents the comparison between Hellsten and Knopp roughness models with the existed exper­
imental data and the predictions of XFOIL code. Both roughness models failed to follow the experimental data. They 
showed a linear behaviour of low values of lift for incidence angles until 8 degrees. For an angle of attack higher than 
8 degrees, the roughness models present an increased lift production in comparison to the experimental data. Only the 
Hellsten and Laine model implemented with the baseline k — CO turbulence model had a tendency to follow the latter 
one. The comparison with the experimental data can also be seen for the production of drag in figures (3.46(a)) and 
(3.46(b))). The roughness models do not agree well with the experimental data and the reason for this behaviour is 
hidden in the increased values that are observed in the pressure drag as can seen in figures (3.47(a)) and (3.47(b)).
Incidence (a)
(a) SST k — (0 model
Cj” 0.8 -
Incidence (a)
(b) BSL fc- £0 model
Figure 3.45: Lift coefficient of the S809 aerofoil. Comparison between Hellsten and Knopp roughness models and the 
experimental data. Computations have been conducted with SST and BSL k — co turbulence model.( M=0.1, Re=2 x 
106, Tu{%) =0.2)
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1M h</c«2 10"*. Knopp mod«l.:
Incidence (a)
(a) SST k — (0 model (b) BSL k — a model
Figure 3.46: Drag coefficient of the S809 aerofoil. Comparison between Hellsten and Knopp roughness models 
and the experimental data. Computations have been conducted with SST and BSL k — a) turbulence model.f M=0.1, 
Re=2 x 106, Tu{%) = 0.2 )
RoughiMM hf/e«2 lO-*. Knopp i
Incidence (a)
(a) SST A' — ft) model
— Roughn««s Knopp mocM. BSL i
Incidence (a)
(b) BSL A — ft) model
Figure 3.47: Pressure drag coefficient of the S809 aerofoil. Comparison between Hellsten and Knopp roughness 
models and the experimental data. Computations have been conducted with SST and BSL k — (0 turbulence model.( 
M=0.1, Re=2 x 106, Tu(%) = 0.2 )
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Surface Pressure and Skin Friction Distributions
The computations showed in all cases increased surface pressure coefficient and high pressure peak, especially for 
high angle of attacks. The surface pressure coefficient for the S809 aerofoil for a range of incidence angles can be 
seen in figures (3.48(a)) to (3.50(b)). The rapid fluctuations on Cp distributions that are observed at the zoomed plots 
are due to applied roughness at 10% of the surfaces of the aerofoil.
*M h,/c*1.104. H•Uttar 
•m h./c-ZICT*, Halit tar 
■tt htle«1.10'*. Knopp i 
•at h,/c*2.10'4, Knopp i
Position (x/c) Position (x;c)
(b) BSL k — (0 model
Figure 3.48: Surface pressure coefficient for the S809 aerofoil at 5 degrees. Comparison between the Hellsten and 
Knopp roughness models with the experimental data and the empirical correlation models. Two sand-grain roughness 
are used at hs/c = 1 x 10~4 and 2 x 10~4. ( M=0.1, Re=2 x 106, Tu{%) = 0.2).
Rooghnatt Knopp i
Position (x/c)
(a) SST A — ft) model
Rooghnata h./e^a-IO"*. Knopp i
Position (x/c)
Figure 3.49: Surface pressure coefficient for the S809 aerofoil at 8 degrees. Comparison between the Hellsten and 
Knopp roughness models with the experimental data and the empirical correlation models. Two sand-grain roughness 
are used at hs/c = 1 x 10~4 and 2 x 10~4. ( M=0.1, Re=2 x 106, Tu{%) = 0.2).
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RougtvMM h’/cl 40'. Knopp i 
RouoNn*** h 'c«2 lO'. Knooo i
Position (x/c)
(a) SST k — (O model
Roughnata htAc«2.10'‘. Knopp i
Position (x/c)
(b) BSL it — ft) model
Figure 3.50: Surface pressure coefficient for the S809 aerofoil at 12 degrees. Comparison between the Hellsten and 
Knopp roughness models with the experimental data and the empirical correlation models. Two sand-grain roughness 
are used at hs/c = 1 x 10~4 and 2 x 10~4.( M=0.1, Re=2 x 106, Tu(%) = 0.2).
The skin friction distribution around the S809 aerofoil can be seen in figures (3.51(a)) to (3.53(b)) for a range 
of incidence angles. The sudden change in shear (x/c « 0.1) corresponds to the end of the rough region towards the 
smooth portion of the aerofoil. The roughness models fail to predict the laminar separation bubble that the empirical 
models predicts for incidence angles higher of 10 degrees.
Position (x/c)
(b) BSL k — (0 model
Position (x/c)
(a) SST k — co model
Figure 3.51: Skin friction coefficient for the S809 aerofoil at 5 degrees. Comparison between the Hellsten and Knopp 
roughness models with the experimental data and the empirical correlation models. Two sand-grain roughness are 
used at hs/c = 1 x lO"4 and 2 x 10 4.( M=0.1, Re=2 x 106, Tu(%) = 0.2).
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Roughness h,te»1.10'\ Knopp i
Position (x/c)
(a) SST A- — o) model
Roughness ht*c»2.104. Knopp i
Position (x/c)
(b) BSL k — co model
Figure 3.52: Skin friction coefficient for the S809 aerofoil at 8 degrees. Comparison between the Hellsten and Knopp 
roughness models with the experimental data and the empirical correlation models. Two sand-grain roughness are 
used at lis/c = 1 x 10~4 and 2 x 10-4.( M=0.1, Re=2 x 106, Tu(%) = 0.2).
0.035
0015
cf 0.01
Position (x/c)
(a) SST k— (0 model
Rooghrwss h./c^Z.IO"*. Knopp moctsL i
o 0.01
Position (x/c)
(b) BSL k — (0 model
Figure 3.53: Skin friction coefficient for the S809 aerofoil at 12 degrees. Comparison between the Hellsten and Knopp 
roughness models with the experimental data and the empirical correlation models. Two sand-grain roughness are used 
at %/c = 1 x 10“4 and 2 x 1(T4.( M=0.1, Re=2 x 106, Tu(%) = 0.2).
3.6.2 Empirical Transition Models for the S809 Aerofoil
In the following section the S809 aerofoil is used to validate the empirical correlation transition against the existed 
experimental data and the results from the XFOIL code. The aerofoil was tested at the same conditions as used by 
Somers ,85]. The free-stream turbulence intensity was set to Tu(%) — 0.2 and the calculations were carried out for a 
range of incidence angle from 0 to 14 degrees.
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Lift and Drag Calculations
Following the trend observed on the previous aerofoils, transition models agree with the experimental data for inci­
dence angles below 8 degrees. As the angle of attack increases the models tend to overpredict the produced lift, as fully 
turbulent calculations fail to predict the lift coefficient. Below 8 degrees, the fully turbulent calculations undcrprcdict 
the values while for angles of attack higher than the 10 degrees produce more lift than the other methods. The XFOIL 
agrees well with the experimental data for the whole range of incidence angles. This information can be derived from 
figure (3.54(a)). On the contrary, when the estimation of drag is concerned, the majority of methods fail to agree with 
the experimental data. The observed discrepancy at the angle of attack of 14 degrees is due to the development of a 
laminar separation bubble.
Incidence (a) Incidence (a)
(a) C, (b) Cd
Figure 3.54: Lift and drag coefficients as function of incidence. Experimental data and results from HMB for the 
How around the S809 aerofoil. The calculations are with Michel and Cebeci and Smith criteria ( M=0.1, Re=2 x 106, 
Tu{%) = 0.2).
Transitional Flow Analysis
The transition location can be defined from the location where the momentum thickness Reynolds number of each 
model crosses the momentum thickness Reynolds number. These can be seen in figures (3.55(a)) to (3.55(d)) for a
range of angles of attack.
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Figure 3.55: Momentum thickness Reynolds number produced from Michel’s criterion (Re\nch), the Cebeci and Smith 
criterion (Recebeci-Smith) and momentum thickness Reynolds number {Rcq) in comparison with the curvilinear location 
of the upper and lower surfaces of the S809 aerofoil ( M=0.1, Re=2 x 106, Tu(%) = 0.2).
The onset of transition flow can be seen in figure (3.55) The transition models fail to predict correctly the 
transition location for low incidence angles. As the angle of attack increases, Michel’s criterion predicts fairly well 
the experimental data. This occurs on incidence higher of a =5 degrees. The Cebeci and Smith model overpredicts 
the onset of transition for the full range of incidence angles for the upper surface of the aerofoil. On the other hand, 
for the pressure side both models predicts later the transition location and closer to the trailing edge. For free-stream 
turbulence intensity of T»(%) = 0.2, XFOIL predicts well the experimental data on both surfaces. These predictions, 
though, show the sensitivity of the e1^ method on the aerofoil geometry where, when NFL-0416 aerofoil was used, see 
figure (3.39), the onset of transition from XFOIL code was predicted further downstream from the experiments.
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t » r-ri
Experimental data, Upper surface
Michel criterion. Upper surface
XFOIL, N„: 6.48 (TuS:OJ%|. Upper eurtace r* 
XFCML, N.,: 6.48 (Tu%:0 Lower eurtace
Re: J O io*
3 10 -
I ■ ■ ■ ■ I i t t
0.2 0.3 0.4 0.5
Transition Position (x/c)
Figure 3.56: Transition point as a function of incidence for the S809 aerofoil. Experimental data in comparison to the 
calculations with Michel, Cebeci and Smith criteria and XFOIL code. (M=0.1, Re=2 x 106, Tu(%) = 0.2)
Surface Pressure and Skin Friction Distributions
The surface pressure distribution over the S809 aerofoil for a range of incidence angle can be seen in figures (3.57(a)) 
to 3.57(b)). Transition models present higher pressure peak than the fully turbulent calculations or the XFOIL results. 
This trend changes for incidence angle of 14degrees where the fully turbulent calculations show higher pressure peak. 
Characteristic is the change of the pressure coefficient for the empirical correlation models at the onset of transition.
Position (x/c)
(b) or=14 degrees
Position (x/c)
(a) a=8 degrees
Figure 3.57: Surface pressure distribution for the S809 aerofoil. Comparison between the HMB and XFOIL codes. 
The HMB results are derived considering fully turbulent conditions, the Michel’s criterion and the Cebeci and Smith’s 
method. For XFOIL code, Ncrjt = 6.48 was considered ( M=0.1, Re=2 x 106, Tu(%) = 0.2).
The skin friction distribution around the S809 aerofoil can be seen in figures (3.58(a)) to (3.58(d)) for a range 
of incidences. As can be seen, XFOIL code predicts separation at 50% of the upper surface of the aerofoil. At 1
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degrees, the estimated bubble with the XFOIL code is at 5% of the surface and as the angle of attack increases the 
length of the bubble decreases. At 4 degrees, the separation has half the length that it had at 1 degree. For higher 
incidences the separation disappears. On the other hand, the transitional models fail to predict the a separation at low 
incidence. At incidence angles higher than 10 degrees, a laminar separation bubble is created near the leading edge. At 
14 degrees, both Michel and Cebeci and Smith models predict a laminar separation bubble as it can be seen in figure 
(3.58(a)). This bubble is close to the leading edge of the aerofoil and has a length of 6% based on Michel and 3% 
based on Cebeci and Smith criterion. A general view of the bubble can be seen in figures (3.59(a)) and (3.59(b)). At 
such high angle of attack the flow has also separated creating recirculation of the flow. The fully turbulent calculations 
do not account for the formation of the laminar separation bubble at any of the angle of attack.
Position (x/c)
(b) a=4 degrees
O' 0.0041 -
Position (x/c) 
(a) a=l degrees
• XFCML, N^: 6 48 (Tu% 0 2%).
Position (x/c)
(d) a=14 degrees
• ■ XFOIL, N^: 6.44 (TuVO.2%), upper surface
Position (x/c)
(c) a=8 degrees
Figure 3.58: Skin friction distribution for the S809 aerofoil. Comparison between the HMB and XFOIL codes. The 
HMB results are derived considering fully turbulent conditions, the Michel’s criterion and the Cebeci and Smith 
method. For XFOIL code, Ncrj, = 6.48 was considered degrees. (M=0.1, Re=2 x 106, Tu(%) = 0.2).
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(a) General (b) Detailed
Figure 3.59: General and detail view of the flow for the S809 aerofoil. The laminar separation bubble and the sep­
aration of the flow can be seen. The Michel’s criterion has been used for the calculations( M=0.1. Re=2 x 106, 
Tu(%) = 0.2, a = 14 degrees).
3.6.3 k- (0- y-Req, model over the S809 Aerofoil
The S809 aerofoil was also used to validate the K — at — y— Rcq, model. The local correlation transition model was 
compared against the results of the empirical correlation transition model, XFOIL code and the experimental data.
Lift and Drag Calculations
The following figures (3.60(a)) and (3.60(b)) present the lift and drag coefficients over S809 aerofoil. The K — (O — 
y— Ree, model estimates higher values of lift in comparison to the experimental data. When the drag is calculated, the 
k—(0 — y— Reet model shows results close to Cebeci and Smith model.
Transitional Flow Analysis
The onset of transition for the upper and lower surface of the S809 aerofoil is presented in figure (3.60). The results 
are calculated with the k — (0 — y — Reet model and compared against the experimental data, the results from the 
empirical correlation models and the XFOIL code. The LCTM model predicts the onset of transition at 45% of the 
upper surface when the experiments show that more than half of the upper surface of the aerofoil is laminar. The 
K — (O — y— Ree, model underestimates the onset of transition till 6degrees of angle of attack. For higher angles, 
the model predicts better the experimental data than the XFOIL code or the empirical correlation transition models. 
For the lower surface, the model show the similar trend that was observed on the previous aerofoil test cases. The
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Incidence (a) Incidence (a)
Figure 3.60: Lift and drag coefficients as function of incidence. Experimental data and results from HMB for the 
flow around the S809 aerofoil. The calculations are with Michel and Cebeci and Smith criteria ( M=0. L Re=2 x 106, 
Tu{%) = 0.2).
K — co— y—Req, model estimates continuesly 10% earlier the start of transition in comparison with the experimental 
data.
T~r~i~r r ;• i i » i | » t i i | i i i i p t i ~r i ~|~i ~i~i i i | i i i
Michel criterion. Upper surface
Cebeci and Smith criterion, Upper surface
K-o-y-Re^ Upper surface #
r II T Hi,, Lower surface 
XFOfL, N^: 6.48 (Tu%:0.2%), Upper surface ♦ 
XFOIL, N^,: 6.48 (Tu%:0.2%), Lower surface ♦ 
Experimental data. Upper surface . _
B 10 -
0.2 0.3 0.4 0.5
Transition Position (x/c)
Figure 3.61: Transition point as a function of incidence for the S809 aerofoil. Experimental data in comparison to the 
calculations with Michel, Cebeci and Smith criteria and XFOIL code. (M=0.1, Re=2 x 106, Tu(%) = 0.2)
Surface Pressure and Skin Friction Distributions
The surface pressure coefficient for incidence angles of 5 degrees and 8 degrees can be seen in figures (3.62(a)) and 
(3.62(b)). The k — co — y— Ree, model shows the higher pressure peak in comparison with the other models. The
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results from LCTM model have similar values with results from XFOIL code for incidence angle of 5 degrees while 
when the angle of attack increases, the k — (0 — y— Reg, model show higher pressure from all the models.
Position (x/c) Position (x/c)
(a) a=5 degree (b) a=8 degrees
Figure 3.62: Surface pressure distribution for the S809 aerofoil. Comparison between the HMB and XFOIL codes. 
The HMB results are derived considering fully turbulent conditions, the Michel’s criterion and the Cebeci and Smith’s 
method. For XFOIL code, Ncrj, = 6.48 was considered ( M=0.1, Re=2 x 106, Tu{%) = 0.2).
The awkward behaviour of the tc — ft) — y— Res, model at figure (3.6.3) can be explained at the following figures 
where the skin friction distribution is presented. Skin friction calculated with the k —(O — y—ReQt model at 8 degrees 
of incidence angle shows to agree with the empirical models while for 5 degrees the sudden increase of skin friction 
occurs downstream the aerofoil. This can be due to higher level of calculated pressure with the K-oa-y- Rest model 
than with the empirical correlation models.
Position (x/c)
(b) a=8 degrees
Position (x/c)
(a) a=5 degrees
Figure 3.63: Skin friction distribution for the S809 aerofoil. Comparison between the HMB and XFOIL codes. The 
HMB results are derived considering fully turbulent conditions, the Michel’s criterion and the Cebeci and Smith 
method. For XFOIL code, Ncru = 6.48 was considered ( M=0.1, Re=2 x 106, Tu(%) = 0.2).
The following figures (3.64) and (3.65) show the distribution of turbulent intermittency (y) and scalar transition
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momentum thickness Reynolds number (Keg,) for incidence angles of 5 and 8 degrees. Intermittency starts to have 
values higher than 0.1 (limit after which the flow considered as transitional) at 22% percent of the upper surface of 
S809 aerofoil for 5 degrees of angle of attack while for 8 degree of incidence angle, intermittency increases at 10% 
of the upper surface. Scalar transition momentum thickness Reynolds number (Regt) has values around the whole 
aerofoil, starting from 0 on the surface and reaching the value on the boundary layer edge.
GAMMA1 0 9533 
09066 
0 8599 
08131 
0 7664 
07197 
06730 
06263 
05796 
05329 
04861 
04394 
0 3927 
0 3460 
0 2993 
0 2526 
0 2059 
0 1591 
01124 
0 0657
(a) a=5 degrees (b) a=8 degrees
Figure 3.64: Turbulent intermittency (y) distribution for the S809 aerofoil. ( M=0.1, Re=2 x 106, Tu{%) = 0.2)
Figure 3.65: Scalar transition momentum thickness Reynolds number {Reg,) distribution for the S809 aerofoil. ( 
M=0.1, Re=2 x 106, T//(%) =0.2)
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3.7 NACA 0012 Aerofoil
Another 2D case used in this work is the NACA 0012 aerofoil. This aerofoil belongs to the family of four digits 
aerofoils produced by NACA. The first two digits indicate that the aerofoil has zero camber and the latter two digits 
inform about the thickness of the aerofoil which is 12% of the chord. Figure (3.66) presents the aerofoil.
IACA0012
Figure 3.66: The NACA 0012 aerofoil.
This section has found widespread use in aerodynamics since it provides an acceptable compromise between 
high speed and low speed performance while maintaining consistently low pitching moments at most operating con­
ditions 1871. The NACA 0012 stall process is governed by a complex combination of the competing mechanisms of 
trailing edge separation and leading edge separation.
The Laboratoire d’Aerodynamique et de Biomecanique du Mouvement (LABM) in Marseille has a track record 
in wind tunnel investigation of dynamic flows for the specific aerofoil. LABM conducted its experiments in their 
S2-Luminy subsonic wind tunnel, employing an Embedded Laser Doppler Velocimetry (ELDV) technique to obtain 
detailed velocity measurements inside the boundary layer for steady and oscillating NACA 0012 cases. The investi­
gated model is supported in a vertical position and attached to the oscillating frame by means of a supporting shaft 
located at the quarter-chord axis.
For this work, steady and unsteady measurements are available from LABM and these are detailed in the next
paragraphs.
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3.7.1 NACA 0012 Aerofoil Steady Calculations
The LABM laboratory researched quantitatively and qualitatively the steady How features around a NACA 0012 aero­
foil. The aerofoil was tested at conditions shown in table (3.6), and for a range of incidence angles.
Test Cases Case 1 Case 2
Reynolds Number 2.88 x lO6 105
Mach Number 0.4 0.2
Range of Incidence 0-12° 0-10°
Table 3.6: Summary of the parameters for the NACA 0012 aerofoil test cases.
Table (3.7) illustrates the experimental results for the transition location of test case 1. As expected, the tran­
sition point on the upper surface moves towards the leading edge while the pressure side laminarises as the incidence 
approaches 10 degrees.
Incidence Upper Surface Lower Surface
0° 0.45 0.45
3° 0.2 0.66
5° 0.085 0.79
8° 0.024 0.92
10° 0.013 1
12° 0 1
Table 3.7: Measured transition location as a function of the angle of attack. The experimental results correspond to 
the LABM case 1.
3.7.2 CFD mesh - NACA 0012 aerofoil
Figure (3.67(a)) shows a view of the grid around the NACA 0012 aerofoil. It is of C-topology grid with a total number 
of 112,224 points. There are 488 points wrapped around the aerofoil which are equally distributed on the upper and 
lower surfaces. 109 nodes are distributed in the normal direction following a geometric law while an initial mesh 
spacing of 10“3c is considered. The wake is covered with 90 nodes on geometric law and the far-held is 10 chord 
lengths away from the aerofoil in all directions. Figures (3.67(a)) and (3.67(b)) provide a general idea of the grid
around the NACA 0012 aerofoil.
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Figure 3.67: 2D mesh around NACA 0012 aerofoil.
3.8 Transitional Flow over the NACA 0012 Aerofoil
The last two-dimensional test case which was used to validate the transition models was the NACA 0012 aerofoil. 
Initially, the aerofoil was used for the validation of the transitional version of the Spalart-AUmaras turbulence model 
and then was tested with the empirical correlation transition models. Finally, calculations using the K — (O — y — Reet 
model were performed for the specific aerofoil. In all calculations, the conditions were kept similar to the experiments 
performed by LABM171.
3.8.1 Modelling the Spalart-AUmaras Ttirbulence Model for the NACA 0012 Aerofoil
The Spalart-AUmaras turbulence model with the transition alteration was used to calculate the flow around a NACA 
012 aerofoil. For this model, the trip points on both surfaces of the aerofoil have to be pre-defined. For this reason, 
the transition onset estimated during the calculations of with the empirical correlation transition models were used for 
each angle of attack.
Lift and Drag Calculations
Figures (3.68(a)) and (3.68(b)) show the lift and drag coefficients for the NACA 0012 aerofoil at Re = 2.88 x 106 and 
M = 0.4. The fully turbulent and transitional calculations with the use of Spalart-AUmaras turbulence model were
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compared against the fully turbulent and transitional results of the empirical correlations. Due to lack of experimental 
data, the computations were compared against the results from XFOIL code for both fully turbulent and laminar 
conditions. In all cases the Spalart-Allmaras showed a similar trend with the SST k — (0 fully turbulent model. In the 
case of incidence angle of attack a = 12degrees, the model with the transition alternation follows the fully turbulent 
calculations and the results from the empirical correlations which indicate higher values of lift or drag.
Incidence (a)
« 0.8 -
8 0.6 -
-i 0.4 -
Incidence (a)
Figure 3.68: Lift and drag coefficients for the NACA 0012 aerofoil. The calculations for Spalart-Allmaras model are 
compared between fully turbulent and empirical criteria (Michel and Cebeci-Smith) for the HMB code and XFOIL. 
The calculations for the latter one were for Ncrj, = 2.6 and Ncrjt = 9.25.( M = 0.4, Re = 2.88 x 106)
Surface Pressure and Skin Friction Distributions
The surface pressure coefficient for a range of incidence angles of attack can be seen in figures (3.69(a)) - (3.69(b)). 
The transitional version of Spalart-Allmaras turbulence model presents similar results with the fully turbulent and 
empirical correlation SST jc — ft) turbulent models. Due to location of the transition onset and the longer laminar 
region, the results from Spalart-Allmaras showed a higher pressure peak.
Figures (3.70(a)) - (3.70(b)) show the skin friction coefficient for a NACA 0012 aerofoil. In all cases, the 
Spalart-Allmaras model shows similar results to the fully turbulent SST k — at model. When the trip version of the 
Spalart-Allmaras turbulent model was used, it estimated a short length of the transition region. It is, however, encour­
aging that the Spalart-Allmaras model with transition modification captures the correct shape of skin friction curves
in contrast to the fully turbulent version.
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Position (x/c)
(a) a = 0 degrees
Position (x/c)
Figure 3.69: Comparison of the surface pressure coefficient over a NACA 0012 aerofoil for HMB (fully turbulent SST 
k—ft) Michel criterion SST k—ft) fully turbulent and trip Spalart-Allmaras ) and XFOIL. The calculations for the latter 
one are for Ncri, = 2.6 and Ncri, = 9.25. ( M = 0.4, Re — 2.88 x 106).
Position (x/c) 
(a) a = 0 degrees
Position (x/c)
(b) a = 3 degrees
Figure 3.70: Comparison of the skin friction coefficient for a NACA 0012 aerofoil for HMB (fully turbulent SST k-ft) 
Michel criterion SST k—ft) fully turbulent and trip Spalart-Allmaras ) and XFOIL. The calculations for the latter are 
for NCri, = 2.6 and Ncrit = 9.25. ( M = 0.4, Re = 2.88 x 106).
3.8.2 Empirical Transition Models over the NACA 0012 Aerofoil
The transitional flow around the NACA 0012 aerofoil was computed using empirical correlations and the conditions 
were similar to the experiments performed by LABM|7]. The predictions of the HMB code are compared against 
available experimental data and the eN method which is used in the XFOIL ,88] code.
Lift and drag calculations
The first step for the investigation of the transitional flow around a NACA 0012 aerofoil includes the results for the 
case of M = 0.4 and Re = 2.88 x 106. Figures (3.71(a)) and (3.71(b)) present the integrated loads for the aerofoil.
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The results are for the empirical criteria of Michel and Cebeci and Smith and these are compared with XFOIL code. 
For the XFOIL calculations, two values of the parameter Ncri, are considered, at 9.25 ( Tu(%)=0.063) and at 2.6 ( 
Tu(%)=l .003). The lift produced from the criteria is lower in comparison with the lift calculated with the ^ method. 
When drag is calculated, the results obtained from XFOIL underpredict the empirical correlations. There is also an 
overshoot of the drag coefficient at an incidence of 12 degrees. This overshoot is due to the formation of a laminar 
separation bubble, as will be described below. This is a phenomenon that neither the fully turbulent calculations nor 
the eN model managed to reproduce. The drag coefficient can be analysed into two components, the friction and 
pressure drag coefficient as seen in figures (3.72(a)) and (3.72(b)). From the last two figures becomes obvious that the 
component that is mainly responsible for the drag is the pressure drag coefficient.
Incidence (a)Incidence (a)
Figure 3.71: Lift and drag coefficients for the NACA 0012 aerofoil. Comparison between fully turbulent and empirical 
criteria (Michel and Cebeci-Smith) for the HMB code and XFOIL. The calculations for the latter one were for Ncrj, — 
2.6.( M = 0.4, Re = 2.88 x 106)
Figures (3.73(a)) and (3.73(b)) present the integrated loads for the case where the Reynolds number is reduced 
to Re = 106. The results are similar to the case for Re = 2.88 x 106. The empirical transition models predicts lower lift 
and drag than the fully turbulent calculations and XFOIL. There is an increase of drag coefficient at for an incidence 
of 10 degrees. This increase is due to the creation of a laminar separation bubble close to the leading edge similar to 
the case at higher Reynolds number.
Transitional Flow Analysis
Figures (3.74(a))-(3.75(b)) present the Reynolds number produced from Michel’s criterion {Re\nch), the Cebeci and 
Smith method {Recebed-Smith) and momentum thickness Reynolds number {Rcq) as a function of the curvilinear loca-
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XFCHL, N^,: 2.6 (Tu%:1.003%), C, 
XFOtL, Nu<: 9.25 (TWO.063%), C.
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Figure 3.72: Friction and pressure drag coefficients for the NACA 0012 aerofoil. Comparison between fully turbulent 
and empirical criteria (Michel and Cebeci Smith) for the HMB code and XFOIL. The calculations for the latter one 
were for Ncrj, = 2.6.( M = 0.4, Re — 2.88 x 106)
XFOIL, N,„: 2 8 *>»)
3 0.6 -
Incidence (a)
Figure 3.73: Lift and drag coefficients for the NACA 0012 aerofoil. Comparison between fully turbulent and empirical 
criteria (Michel and Cebeci-Smith) for the HMB code and XFOIL. The calculations for the latter one were for Ncri, = 
2.6 and 11.05.( M — 0.2, Re = 106)
tion on the upper and lower face of a NACA 0012 aerofoil for incidence angles at 0 and 8 degrees. The location where 
the Reynolds number of each model crosses the momentum thickness Reynolds number is considered as the onset of 
transition. Since the aerofoil is symmetric, for the case of 0 incidence angle, the results of the empirical transition 
models on the upper and lower surfaces are the same, indicating the same onset for both surfaces. As the angle of 
attack increases, the onset of the transitional flow moves forward closer to the leading edge for the suction side of the 
aerofoil. On the pressure side, the transition moves towards the trailing edge and the flow is mainly laminar.
Based on the previous results, the transition location as a function of the angle of attack for the NACA 0012
CHAFFER 3. MODELLING OF 2D CASES 123
Position (s/c)
(b) Cebeci Smith criterion
Position (s/c) 
(a) Michel criterion
Figure 3.74: Momentum thickness Reynolds number produced from Michel’s criterion (Rcm/c/i), the Cebeci and 
Smith’s method (Recebeci-Smith) ar>d momentum thickness Reynolds number (Reg) in comparison with the curvilinear 
location on the upper and lower surface of the NACA 0012 aerofoil, (a = 0 degrees, M — 0.4 and Re = 2.88 x 106)
Position (s/c)
(a) Michel criterion (b) Cebeci Smith criterion
Figure 3.75: Momentum thickness Reynolds number produced from Michel's criterion (ReMich), the Cebeci and 
Smith’s method (Recebeci-Smith) and momentum thickness Reynolds number (Rcq) in comparison with the curvilinear 
location of the upper and lower surfaces of the NACA 0012 aerofoil. ( a = 8 degrees, M = 0.4 and Re = 2.88 x 106)
aerofoil is shown at figure (3.76). For the upper surface, HMB with Michel’s criterion agree better with the experi­
mental results for incidence angles lower than a = 3 degrees. The Cebeci and Smith method overpredicted the onset 
of transition at this region. For incidence angles higher than a = 5 degrees, the Cebeci and Smith methods predicted 
the transition points closer to the experimental data. For the lower surface of the aerofoil, both criteria show similar 
results and predict the onset of transition earlier than the experimental data. As the angle of attack increases, the 
models show better agreement with the experimental data (angle of attack near 8 degrees). At higher than 10 degrees 
the lower surface is laminar as the onset of transition is at the trailing edge. The results for 0 degrees incidence show
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the Cebeci and Smith criterion to estimate the onset of transition 20% earlier from where Michel’s criterion does. For 
these calculations, two values for the parameter of Ncrj, were considered in order to simulate the results, one turbulent 
Ncrit = 2.6 and one laminar Ncrjt = 9.25. In both cases, XFOIL overpredicted the onset of transition. For the lower 
surface and for Acn-, = 9.25, XFOIL estimated the start of transition flow closer to trailing edge even for an incidence 
of 6 degrees.
-I—i—f—T—T—I—r ' I ' '
Michel crlt. Upper surface
+ Cebeci and Smith criL, Upper surface
■ . . - Cebeci and Smith crit., Lower surface 
-e— XFOIL, N^: 2.6 (TuV1.003%). Upper surface
■ XFOIL. N^: 2.6 (Tu%:1.003%). Lower surface || 
-e— XFOIL, N^: 9.25 (Tu%:0.063%), Upper surface J1
■ - - - XFOIL. Nert: 9.25 (Tu%:0.063%), Lower surface .V I
• Experimental data, Upper surface J
e Experimental data, Lower surface t
kiArA Ann *.* t
Transition Position (x/c)
Figure 3.76: Transition location as function of the angle of attack for the NACA0012 aerofoil. Comparison between 
the HMB and XFOIL code with the experimental data. HMB results are derived considering Michel criterion and 
Cebeci Smith method. For XFOIL code, Ncrjt = 2.6 and 9.25 was considered. ( M = 0.4, Re = 2.88 x 106)
Similar results are observed for the case where the Reynolds number is Re = 106. Due to the lower Reynolds 
number, the criteria of Michel and Cebeci and Smith estimate a lower Reynolds number. Because of the lower Re, 
the cross with the local momentum thickness Reynolds number occurs later on the aerofoil. Figures (3.77(a)) and 
(3.77(b)) show the results for the local momentum thickness Reynolds number and Reynolds number based on Michel 
and Cebeci Smith correlations for incidence angles 0 degrees. When the incidence angle increases to 8 degrees, the 
cross occurs earlier indicating an even earlier onset of transition. Figures (3.78(a)) and (3.78(b)) show the results for 
the case at 8 degrees incidence angle.
Concluding from the previous results, the transition location as a function of the angle of attack for the NACA 
0012 aerofoil for the lower Reynolds number can be seen in figure (3.79). The empirical correlations show results 
between the two extremes produced by XFOIL for Ncrit = 2.6 and Ncrit = 11.06. The high Ncrit was selected to test 
the sensitivity of the method higher turbulence level.
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Figure 3.77: Reynolds number produced from Michel’s criterion Reynolds number produced from Cebeci
Smith’s method (Recebeci-SmUh) and the momentum thickness Reynolds number (Ree) in comparison with the transi­
tion location for the upper and lower face of a NACA 0012 aerofoil. ( a = 0 degrees, M — 0.2 and Re = 106).
a 1000
Position (s/c)
(a) Michel criterion
1 1500 -
Position (s/c)
(b) Cebeci Smith criterion
Figure 3.78: Momentum thickness Reynolds number produced from Michel’s criterion (Re\ijCh), the Cebeci and 
Smith's method {Recebeci-Smuh) and momentum thickness Reynolds number {Ree) in comparison with the curvilinear 
location of the upper and lower surfaces of the NACA 0012 aerofoil. ( a = 8 degrees, M = 0.2 and Re — 106).
Surface Pressure and Skin Friction Distributions
The surface pressure distribution around the NACA 0012 aerofoil for the case of Re = 2.88 x 106 is shown in figures 
(3.80(a)) to (3.80(b)). Figure (3.80(a)) presents the surface pressure coefficient at a = 0 degrees. At this angle, the 
results of all codes and models are similar. The difference between the criteria can be found at the point where the onset 
of the transition region occurs. In figure (3.80(b)), a similar plot is shown but for an incidence angle of a = 3 degrees.
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Cebeci and Smith criterion. Upper surface
XFOIL, N„: 2.6 (TuVI.003%), Lower surface 
XFOIL, N^: 11.05 (Tu%:0.03%), Upper surface 
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Transition Position (x/c)
Figure 3.79: Transition location as function of the angle of attack for the NACA 0012 aerofoil. Comparison between 
the HMB with XFOIL code. HMB results are derived considering Michel criterion and Cebeci Smith method. For 
XFOIL code, Ncrit = 2.6 and 11.05. (M = 0.2, Re = 106)
Again, the results are very similar, although XFOIL estimates higher suction peaks than HMB for all the cases. The 
figures show that the Cebeci Smith criterion estimates the transition onset earlier than Michel’s.
Position (x/c) 
(a) a = 0 degrees
Position (x/c)
(b) a = 3 degrees
Figure 3.80: Comparison of the surface pressure coefficient over a NACA 0012 aerofoil for HMB (fully turbulent 
and empirical criteria) and XFOIL. The calculations for the latter one are for Ncrjt — 2.6 and Ncr(, = 9.25. ( M = 0.4, 
Re = 2.88 x 106).
When the case with the lower Mach and Reynolds number is considered (M = 0.2 and Re = 106), figures 
(3.81 (a)) - (3.81 (b)) show the surface pressure distribution for a range of incidence angles. The Michel and Cebeci and 
Smith criteria present similar behaviour with differences only at the transition point where the models show a sudden 
change. As in the transition plot (3.79), the Cebeci Smith model predicts the onset of transition earlier than the Michel 
criterion. There is an obvious discrepancy at an angle of attack of 10 degrees which is referred to the fonnation of a
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laminar separation bubble.
Position (x/c)
(b) a = 10 degrees
Position (x/c)
Figure 3.81: Comparison of the surface pressure coefficient for a NACA 0012 aerofoil for HMB (fully turbulent 
and empirical criteria) and XFOIL. The calculations for the latter are for Ncrjt = 2.6 and Ncrj, = 11.05. ( M = 0.2, 
Re=\06).
Figures (3.82(a)) and (3.82(b)) show the surface pressure coefficient for a = 8 and 10 degrees. Both figures 
show that the Cebeci Smith criterion and the Michel criterion estimate the transition onset at the same location, close to 
the leading edge of the aerofoil. The negative values of the skin friction indicate the existence of a laminar separation 
bubble close to the leading edge of the aerofoil. The leading edge separation bubble can be seen in figure (3.83), which 
due to its existence, the turbulent Reynolds number starts to show values higher than 1.
Position (x/c)
(a) a = 8 degrees (b) a = 10 degrees
Figure 3.82: Comparison of the skin friction coefficient for the NACA 0012 aerofoil for HMB (fully turbulent and 
empirical criteria) and XFOIL. The calculations for the latter are for Ncru = 2.6 and Ncrj, = 9.25. ( M = 0.4, Re — 
2.88 x 106).
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Figure 3.83: Detailed view of the flow for the NACA 0012 aerofoil. The laminar separation bubble can be seen. The 
turbulent Reynolds number is considered at 1. The Michel’s criterion has been used for the calculations. ( M = 0.4, 
Re = 2.88 x 106, a = 10 degrees)
The turbulent Reynolds number (Rt) over the NACA 0012 aerofoil for incidence angles of 3 and 10 degrees 
can be seen in figures (3.84(a)) and (3.84(b)), respectively. Turbulent Reynolds number higher than 1 means that the 
flow becomes turbulent. The transitional calculations show a late increase of values for /?/• in comparison with the 
fully turbulent results. Michel criterion, at 3 degrees angle of attack, calculate the start of RT at 18% of the upper 
surface while the fully turbulent has calculated close to the leading edge, at 0.0074 x/c. The Cebeci and Smith method 
calculates the point upstream in comparison with Michel criterion. Similar results are observed for higher incidence 
angles where the points are calculated further downstream. The estimated positions agree with the calculated transition 
onset from the empirical correlation models, seen in figure (3.79)
When the Mach number and the Reynolds number were reduced at M=0.2 and = 1 x 106, respectively, the 
plots for the skin friction coefficient showed an delay in the onset of transition flow. As the angle of attack increases, 
the sudden increase of skin friction coefficient moves towards the leading edge of the aerofoil. For incidence angles 
higher than 8 degrees, negative values of the skin friction, similar the case with high Reynolds number, are observed 
indicating again the existence of a laminar separation bubble.
3.8.3 fc - to - y - Ree, Model over the NACA 0012 Aerofoil
The NACA 0012 aerofoil was used to validate also the k — co — y — Rcq, model. Only one test case was selected 
with the Reynolds number and Mach numbers to be considered at Re = 2.88 x 106 and M = 0.4 respectively. The
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Figure 3.84: Turbulent Reynolds number distribution over the NACA 0012 aerofoil.( M = 0.4, Re = 2.88 x 106).
calculations were performed for a range of incidence angle from 0 to 12 degrees.
Lift and Drag Calculations
The following figures (3.86(a)) and (3.86(b)) present the lift and drag coefficients over NACA 0012 aerofoil. The 
k — (O— y— Reg, model follows the same trend with the empirical correlation transition models. Although, for higher
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Figure 3.85: Comparison of the skin friction coefficient over a NACA 0012 aerofoil for HMB (fully turbulent and 
empirical criteria) and XFOIL codes. The calculations for the latter one are for Ncrit = 2.6 and Ncrj, = 11.05. ( 
M = 0.2, Re = 106).
incidence angle, the K— co — y—Ree, predicts lower values of lift and drag.
Incidence (a)
4> 0.8 -
S 0.6 -
Incidence (a)
Figure 3.86: Lift and drag coefficients as function of incidence. Comparison between fully turbulent, empirical corre­
lation criteria (Michel and Cebeci-Smith) and K—co — y—Ree, model for the HMB code and XFOIL. The calculations 
for the latter one were for Ncru = 2.6 and 9.25. (M = 0.4, Re = 2.88 x 106)
Transitional Flow Analysis
The onset of transition for the NACA 0012 aerofoil can be seen in figure (3.87). The k — co — y— Req, model is 
compared against the experimental data, the calculations with the empirical correlation models and the results from 
XFOIL code. The model showed a good agreement with the experimental data expecially for the upper surface. For 
the lower surface the model predicts at longer turbulent area as underpredicts the experimental onset of transition.
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Figure 3.87: Transition location as function of the angle of attack for the NACA 0012 aerofoil. Comparison between 
the HMB and XFOIL code with the experimental data. HMB results are derived considering Michel’s criterion, Cebeci 
Smith method and K — (0 — y— Reo, model. For XFOIL code, Ncri, = 2.6 and 9.25 was considered. (M = QA,Re = 
2.88 x 106)
Surface Pressure and Skin Friction Distributions
A comparison between the CFD-computed results and the results from XFOIL code for the surface pressure distribu­
tion over the NACA 0012 aerofoil can be seen in figures (3.88(a)) and (3.88(b)). The CFD results include calculations 
using fully turbulent flow, empirical correlations and the K— a> — y—Ree, transition model. The results are for 3 and 
8 degrees of angle of attack. Surface pressure estimated with the k- (O-y-Reo, transition model show similar trend 
with the empirical correlation models although the sudden change of pressure for the LCTM model indicates a later 
start of transition.
As seen in figure (3.87), the onset of transition based on the k: — 6) — y—Reo, model was estimated downstream 
in comparison with the empirical correlation transition models. This can be seen also in figures (3.89(a)) and (3.89(b)) 
where the skin friction on upper surface of the aerofoil for 3 and 8 degrees. The length of the transition region based 
on the LCTM model is shorter than what can be calculated with the other models. The length of the transition model 
can be estimated as the difference between the minimum and the maximum values of the thunder-shape of the skin 
friction coefficient.
The intermittency (y) distribution over the NACA 0012 aerofoil for incidence angles of 3 and 8 degrees can
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Figure 3.88: Surface pressure distribution for the NACA 0012 aerofoil. Comparison between the HMB and XFOIL 
codes. The HMB results are derived considering fully turbulent conditions, Michel’s criterion, Cebeci and Smith 
method and the K — co — y— Reg, transition model. For XFOIL, Ncrn — 2.6 and Ncrii — 9.25 were considered. (A/ = 
0.4,Re = 2.88 x 106)
Position (x/c) 
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Figure 3.89: Skin friction distribution for the NACA 0012 aerofoil. Comparison between the HMB and XFOIL 
codes. The HMB results are derived considering fully turbulent conditions, Michel’s criterion, Cebeci Smith method 
and K- to - y- Reg, transition model. For XFOIL, Ncn; = 2.6 and /Vcn> = 9.25 were considered. (M = 0.4,Re = 
2.88 x 106)
seen in figures (3.90(a)) and (3.90(b)). The intermittency starts from values close to zero on the aerofoil surface and 
reaches the value of 1 at the free-stream. Inside the boundary layer, the onset of transition is indicated as the point 
where the value of intermittency changes to higher values in the streamwise direction.
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(a) a=3 degrees (b) a=8 degrees
Figure 3.90: Turbulent intermittency (y) distribution for the NACA 0012 aerofoil. ( M=0.4, Re=2.88 x 106)
3.9 Transitional Flow over the NACA 0012 Aerofoil - Oscillating experi­
ments
LABM also carried also experiments using an oscillating NACA 0012 aerofoil. The main goal for these tests was to 
study the physics of unsteady separated flows.
The time variation of the incidence for the pitching motion was considered hannonic and is given as
a = ao + aisin(K7) (3.2)
where the angle 05q is the mean angle and c*i is the half amplitude of the motion. The reduced frequency was based on 
the chord and the free-stream velocity and given by:
|o)c|
|2(/oo| (3.3)
The aerofoil model had a chord of 0.3m and was mounted vertically in the tunnel. The free-stream was 
running at 5 m/s and had a turbulence intensity lower than 0.5%. Based on equation (3.2) and given that the oscillation 
frequency was 1 HZ, a reduced frequency of 0.188 is calculated. A mean incidence of 6.0 degrees and a half- amplitude 
of 6.0 degrees were used. Table (3.8) summarises the parameters for the pitching NACA 0012 test case.
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Test Conditions Pitching NACA 0012
Mach Reynolds (M) 0.2
Reynolds Number (Rec) 105 and 2 x 105
Mean Incidence (oq) 6° and 12°
Half-amplitude (5 a) ±6°
Reduced Frequency (tc) 0.188
Table 3.8: Conditions for the oscillating NACA 0012 test case.
These conditions were selected to provide some comparison with the steady state results for the NACA 0012 
aerofoil.
Lift and Drag Calculations
Figures (3.91(a)) and (3.91(b)) show the lilt and drag coefficients as function of the incidence angle. Both empirical 
models present similar results for the pitching oscillations. For incidence angles lower than 6 degrees, for down- 
stroke and upstroke, the transition models predict higher lift than fully turbulent computations. For angles higher than 
10 degrees this behaviour changes and the fully turbulent calculations show an increased lift coefficient. The drag 
coefficient is showed in figure (3.91(b)). The transition models predict higher drag during the upstroke move of the 
aerofoil. Similar', during downstroke the fully turbulent calculations produce higher drag than the transition models.
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Figure 3.91: Lift and total drag coefficients as function of incidence for an oscillating NACA 0012 aerofoil. The 
calculations are with Michel and Cebeci and Smith criteria. ( M=0.2, Re=106)
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Transitional Flow Analysis
For the case of the pitching aerofoil, the onset of transition is estimated closer to the leading edge of the aerofoil 
even for incidence angles close to 0 degrees. The difference of transition onset for the upper surface between the 
downstroke and the upstroke movement of the aerofoil is estimated to 5%. This difference is increased to 18.5% for 
the lower surface. Comparing the results from the unsteady calculations with the transition points derived from steady 
calculations for the same conditions and angle of attack, the onset of transition occurs earlier and closer to the leading 
edge for the case of the unsteady calculations. Larger hysteresis is experienced on the pressure side in comparison to 
the suction side. This is due to the presence of a laminar separation bubble on the suction side that tends to fix the 
transition point.
T---- 1-1-1-1-1-1-1-T
Mach: 0.2
XFOtU O 11.05 (TuVO.03%1. Upper surface
J__ I___I___I___I__ L j_I_i_i_i_L
Transition Position (x/c)
Figure 3.92: Transition point as a function of incidence for the oscillating NACA 0012 aerofoil. Comparison of the 
calculations between Michel, Cebeci and Smith criteria for steady and unsteady flow and XFOIL code. ( M=0.2, 
Re=106, k* = 0.188)
Skin Friction Distribution
The reason for the behaviour of the transition onset between the two transitional models can be found in the skin 
friction coefficient plots. As can be seen in figures (3.93(a)) to (3.93(d)), a laminar separation bubble occurs at the 5% 
of the aerofoil chord and triggers the onset of transition. The detailed view of the flow for fully turbulent, Michel’s and 
Cebeci and Smith criteria in figures (3.94(a)) to (3.94(c)) show the existence of the laminar separation bubble. Both 
transition models managed to estimate the existence of a laminar separation bubble at 8 degrees upstroke while fully
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turbulent calculations clearly missed to estimate the bubble.
Position (x/c)
(a) ct=4 degrees upstroke
Position (x/c)
(b) a=4 degrees downstroke
Position (x/c)
(d) a=8 degrees downstroke
Position (x/c)
(c) a=8 degrees upstroke
Figure 3.93: Comparison of the skin friction coefficient over a pitching NACA 0012 aerofoil. (Fully turbulent vs 
empirical criteria, M=0.2, Re=106, k = 0.188)
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(c) Cebeci Smith criterion
Figure 3.94: Detail view of the flow around the NACA 0012 aerofoil. Comparison between fully turbulent, Michel 
criterion and Cebeci and Smith method. The results are for 8 degrees of upstroke. ( M=0.2, Re=106, k = 0.188)
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3.10 Summary
In this chapter, two roughness models, the three empirical correlation models and the tc — m — y—Res, model were 
validated with the use of two-dimensional flows. In general the roughness models showed the known effects of 
roughness on aerofoils^, where the lift slope and the maximum lift are lower. Due to the existence of roughness, the 
production of drag was increased. The skin friction coefficient on the suction side of the aerofoil decline faster than 
the fully turbulent calculations.
When the Spalart-Allmaras turbulent models were used with the transition modification, the model required 
the knowledge of a predefined point to trip the flow. Predictions of lift and drag coefficients agreed better with the 
fully turbulent calculations. The models predicted the sudden change of the skin friction indicating transition between 
the laminar and turbulent solutions,as did the XFOIL code.
The empirical correlation transition models showed a fair agreement with the experimental data especially for 
cases at high Reynolds number. The slope of the lift curve and the maximum lift coefficient are higher compared 
with the experimental data while higher stall angle is estimated with the transition models. The two models, Michel 
and Cebeci and Smith, showed similar results with the latter predicting slightly earlier transition. The Abu-Ghannam 
and Shaw model estimated an early start of tr ansition on all cases. Moreover, the model showed a sensitivity to its 
parameters, with the end of transition region to vary based on them.
The k—co — y—Re et model showed satisfactory results. Even if the onset of transition was estimated slightly 
earlier than the empirical correlation models, the slope of the lift curve and the maximum lift coefficient was closer to 
the experimental data. The CPU cost of the k — co — y—Reet model was due to the addition of extra terms in the HMB
code.
Chapter 4
3D Cases: Rotor and Fuselage
As this work is concentrated on transition modelling for helicopter applications, this chapter details the few available 
experimental data for three dimensional test cases. The 3D cases include the ROBIN helicopter fuselage, the UH-60A 
rotor in fast-forward flight, the Caradonna-Tung rotor and a model tail rotor, both, in hover.
A summary of the flow conditions for the test cases can be seen in table (4).
Cases Rex Mach M/jp Or/w ft @0 01^ 01c Ac A) file
ROBIN Helicopter Fuselage 4.47 x 10b 0.064
UH-60A 4x 106 0.368 0.67 7.3 14.6 8.63 -2.39 3.43 -1.04 -0.7
Caradonna-Tung Rotor 
Model Tail Rotor
2x 10° 
1.1668 x 106
0.439
0.6
Table 4.1: Flow conditions for the 3D test cases.
4.1 ROBIN Fuselage
For many years, little attention has been devoted to helicopter fuselage aerodynamics. However, the fuselage can 
significantly affect the overall performance of the helicopter in all flight conditions. This is the reason why several at­
tempts to simulate the flow around helicopters was undertaken both in american and european research community^14]. 
One of the oldest geometries developed by NASA in the late 70’s was the ROtor Body Interaction (ROBIN).
Freeman and Mineck [14] described a general fuselage with a set of ’super ellipse’ equations. The following
140
CHAPTER 4. 3D CASES: ROTOR AND FUSELAGE 141
equations show the generic form used for producing the family of these elliptic shapes.
x — a 2
+
\y-b]
. ri»«j . ^miii
(4.1)
The coordinates for the fuselage are defined in ’rings’ whose size, shape and vertical position vary with location 
along the length of the fuselage (x-direction). Four parameters govern the characteristics of each ring: height (H), 
width (W), vertical position of centre (Zq), and degree of comer sharpness (N). These are evaluated as a function of 
the x coordinate using the following:
H 
W 
Z0 
N
= c6 + c7 Ci+C2
•7+C3^C5
C4
(4.2)
Having obtained the controlling parameters (Cj.. .Cg), a super-elliptical equation expressed in polar- form is 
used for calculating the radial magnitude as a function of angular location:
L(?jA!*)"+(fcos*)"
Transforming back to Cartesian coordinates, each geometry point is given by:
(4.4)
where 1 is the length of the fuselage.
The correct set of coefficients for the ROBIN body is presented in table (4.2), and the fuselage can be seen in 
figure (4.1). On the other hand, there are two major drawbacks of the equations. Initially, the nose of the fuselage and 
the nose of the hub shroud cannot be computed directly from the equations. A further problem with the definition of 
the equations and the coordinates is the possibility of raising negative numbers to real powers. Due to this and for the 
purposes of the geometry definition, each tire super-ellipses was constructed and then mirrored to form the complete
X X
l
V
l
-
l
rsimj)
z
7 rcos(j) + Zq
(4.3)
shape.
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Figure 4.1: Plan and elevation of the geometry points produced by the ’super ellipse’ equations for the ROBIN fuselage.
Function .XL c, c2 C3 c4 c5 c6 c7 c8
H 0 < f < 0.4 1 -1 -0.4 0.4 1.8 0 0.25 1.8
W 0 < j < 0.4 1 -1 -0.4 0.4 2 0 0.25 2
Zo 0 < j < 0.4 1 -1 -0.4 0.4 1.8 -0.08 0.08 1.8
N 0 < f < 0.4 2 3 0 0.4 1 0 1 1
H 0.4 < f < 0.8 0.25 0 0 0 0 0 1 1
XV 0.4 < f <0.8 0.25 0 0 0 0 0 1 1
Zo 0.4 < f < 0.8 0 0 0 0 0 0 1 1
N 0.4 < f < 0.8 5 0 0 0 0 0 1 1
H 0.8 < f < 1.9 1 -1 -0.8 1.1 1.5 0.05 0.2 0.6
W 0.8 < j < 1.9 1 -1 -0.8 1.1 1.5 0.05 0.2 0.6
Zo 0.8 < f < 1.9 1 -1 -0.8 1.1 1.5 0.04 -0.04 0.6
N 0.8 < f < 1.9 5 -3 -0.8 1.1 1 0 1 1
H 1.9 < y < 2 1 -1 -1.9 0.1 2 0 0.05 2
W 1.9 < y < 2 1 -1 -1.9 0.1 2 0 0.05 2
Zo 1.9 < y < 2 0.04 0 0 0 0 0 1 1
N 1.9 < f < 2 2 0 0 0 0 0 1 1
H 0.4 < f < 0.8 1 -1 0.8 0.4 3 0 0.2 3
W 0.4 < f < 0.8 1 -1 -0.8 0.4 3 0 0.172 3
Zo 0.4 < f < 0.8 0.122 0 0 0 0 0 1 1
N 0.4 < f < 0.8 5 0 0 0 0 0 1 1
H 0.8 <f < 1.018 1 -1 -0.8 0.218 2 0 0.2 2
XV 0.8 < f < 1.018 1 -1 -0.8 0.218 2 0 0.172 2
Zo 0.8 < f < 1.018 1 -1 -0.8 1.1 1.5 0.065 0.06 0.6
N 0.8 < f < 1.018 0.122 0 0 0 0 0 1 1
Table 4.2: Summary of the parameters of the ROBIN fuselage.
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Table (4.2) shows a summary of all values for the coefficients used in the super-ellipse equations to compute 
the geometry of the ROBIN fuselage. The values are divided Into sections: front of the fuselage, start of the hub 
shroud, end of the shroud, tail. The first part of the table presents the parameters for the analytical definition of the 
main body, while the last part, the parameters for the analytical definition of the pylon.
4.1.1 Steady Calculations
In 1979, Freeman and MineclJ14' produced an experimental database for ROBIN. The flow around this generic fuse­
lage body was calculated at a range of incidence angles, from -5 degrees to 5 degrees. For the calculations, a 
Mach number of 0.064 and a Reynolds number of 4.47 x 106 were considered. All model dimensions were non- 
dimensionalised by a reference length equal to one half of the model length'1This distance was selected to be 
consistent with the results of Freeman and Mineck114^ which used the rotor radius as the reference length.
Freeman and Mineckf141 conducted their experiments at the NASA Langley subsonic wind tunnel. The model 
was mounted on sting at the mid-section of the body. The pressure data was gathered from taps located along the 
ROBIN fuselage. Figures (4.2(a)) and (4.2(b)) show the layout of the taps. The hub shroud of the helicopter was not 
equipped with any taps.
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X/R
0.0517
0.0941
0.1450
0.2007
0.2563
0.3074
0.3497
0.4669
0.6003
0.8809
1.0008
1.1620
1.3450
1.5298
(a) Top view
XR=0.8809
(b) Side view
Figure 4.2: Locations of the pressure taps on the ROBIN fuselage1141.
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Figures (4.3(a)) - (4.3(c)) show three stations along the stream-wise axis of the ROBIN geometry. At each 
station, a cross section of the model with the pressure is shown compared with the computational approximation of 
the geometry. The measured surface pressure coefficient at each specific station is shown on the right plots.
(a) Plane A (b) Plane I
Figure 4.3: Location of the pressure taps and surface pressure distribution for different azimuth stations on ROBIN 
fuselage body, a=0°.
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4.1.2 Grid development - ROBIN fuselage
Equations (4.1)- (4.4) produced the points of the elliptic shape and these were connected with spline curves producing 
the generic form of the helicopter fuselage. The fuselage is considered to be at the centre of a domain and the inflow 
and outflow surfaces arc set to be 1.5 fuselage lengths away from the body.
Much consideration was given on the constaiction of the multi-block topology and an O-type grid was used. 
The topology was complicated by the presence of the hub shroud. The fuselage as a whole is encapsulated in a sleeve 
travelling between extreme ends of the fluid domain. It leaves the fuselage surface very close to the nose and the tail. 
In order to optimise CPU-time by concentrating points close to the surface, near- and far-held domains were created, 
as can be seen in figure (4.4(a)). In total, there are eight far-field, eight near-field and four sleeve blocks in each section. 
Figure (4.4(b)) shows a three-dimensional view of the topology for the ROBIN fuselage that includes 200 blocks.
(a) Detailed (b) General
Figure 4.4: Basic idea and overview view for the ROBIN fuselage multi-block topology.
Figures (4.5(a)) and (4.5(b)) demonstrate three-dimensional views of the grid for the ROBIN fuselage. In total, 
the grid has 4,892,750 nodes, the majority of which were concentrated close to the surface of the body. The edges 
normal to the fuselage body surfaces were meshed with an exponential distribution and with a first cell distance of 
1 x 10-5 fuselage lengths. A detailed view of the grid around the helicopter fuselage can be seen in figure (4.5(b)).
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(b) Detailed
Figure 4.5: General and detailed view of the surface grid of the ROBIN fuselage.
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4.1.3 Transitional Flow around the ROBIN Fuselage
For the calculations with the empirical correlation models, the flow around the ROBIN body was calculated at -5 
degrees, and 5 degrees pitch angles, considering, a Mach number of 0.064 and a Reynolds number of 4.47 x 106.
The computed surface pressure coefficient distribution around the whole ROBIN body for the specific incidence
angles can be seen in figures (4.6(a)) and (4.6(b)), respectively. Both figures show the existence of two stagnation
points on the fuselage, one at the very front of the body and one at the hubshroud. It is obvious that for the case of -5
degrees nose down case, the fuselage presents a larger area of increased surface pressure distribution than for the case 
of 5 degrees.
CP
-0.103*48 
-0.172*14 
-0.241379 
-0.310345 
0.37931 
•0.448278 
-0517241 
-0.508207 
0.856172 
0.724130 
0 793103 
0 882069 
-0931034
(a) a =-5 degrees (b) a =5 degrees
Figure 4.6: Surface pressure distribution around whole ROBIN fuselage (Af = 0.064,/?e = 4.46 x 106).
Comparisons of the predicted surface pressure coefficients with the experimental data are presented in figures 
(4.7(b)) to (4.16(b)). Five stations along the streamwise coordinate of the ROBIN geometry were selected. At each 
longitudinal station, a cross section of the model with the pressure taps shown is compared with the computational 
approximation of the geometry. For each section, the surface pressure coefficient is also shown.
Figures (4.7(b)) to (4.11 (b)) show the results for -5 degrees of angle of attack and the computed surface pressure 
distribution is in general in good agreement with the experimental data except of the first station where the computed 
distribution for both sides is much higher than the experimental data. This may be due to the extended increased 
surface pressure distribution observed previously in figure (4.6(a)) or uncertainties in the shape so near the nose. 
Another distinctive point is the results for the tap at station x = 0.6003 ( figure (4.10(b))) where the sharp peak of 
pressure for both sides is mainly due to the intersection of the main body of the ROBIN with the doghouse and the
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presence of a second stagnation point. At x = 0.8809 the results are in good agreement with the experimental data 
except for the lower portion of the body where the experimental data show to be more negative than the predictions. 
This discrepancy may be due to separated flow or due to the presence of the model support system of the experiment.
(a) Geometry
HMB, left side
HMB, right side
cp
(b) Cp
Figure 4.7: Comparison of experimental and computational surface pressure distributions at x=0.0517 on the ROBIN 
fuselage, a =-5 degrees.
Experiment
HMB, left side
HMB, right side
HMB. right side:
y/R cp
(a) Geometry (b) Cp
Figure 4.8: Comparison of experimental and computational surface pressure distributions at x=0.2007 on the ROBIN 
fuselage, a =-5 degrees
The surface pressure coefficient at different sections for the case of 5 degrees are presented in figures (4.12(b)) 
to (4.16(b)). The results for this case show similarities with those found at an angle of attack of -5 degrees. In general, 
the predicted pressure is in good agreement with the experiments except at the front of the fuselage for similar reasons 
to the -5 degrees case. At station x=0.0517, the results show similar trend with the experimental data, although the 
predicted surface pressure at the bottom of the body is more negative. For station x/R=0.2007, the experimental data
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Experiment 
HMB, left side 
HMB, right side
Experiment 
HMB, left side 
HMB, right side
(a) Geometry (b) Cp
Figure 4.9: Comparison of experimental and computational surface pressure distributions at x=0.3497 on the ROBIN 
fuselage, a =-5 degrees.
Experiment 
HMB, left side 
HMB. right side
(a) Geometry
Figure 4.10: Comparison of experimental and computational surface pressure distributions at x=0.6003 on the ROBIN 
fuselage, a =-5 degrees.
Experiment 
HMB, left side 
HMB, right side
Experiment 
HMB, leftside I 
HMB, right sidtr
-0.05
(a) Geometry (b) Cp
Figure 4.11: Comparison of experimental and computational surface pressure distributions at x=0.8809 on the ROBIN 
fuselage, a =-5 degrees.
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show more negative surface pressure coefficient in comparison with the calculations. For the station x=0.6003, the 
peak pressure coefficient was observed on the upper pressure tap.
HMB, leftside :
HMB, right
Experiment 
HMB, leftside I 
HMB, right side:
y/R C,,
(a) Geometry (b) Cp
Figure 4.12: Comparison of experimental and computational surface pressure distribution at x=0.0517 on the ROBIN 
fuselage, a =5 degrees.
Experiment 
HMB, left side 
HMB, right side
Experiment
HMB, leftside :
(a) Geometry (b) Cp
Figure 4.13: Comparison of experimental and computational surface pressure distribution at x=0.2007 on the ROBIN 
fuselage, a =5 degrees.
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Experiment 
HMB. left side 
HMB, right side
-0.6 -0.4 -05
(a) Geometry (b) CP
Figure 4.14: Comparison of experimental and computational surface pressure distribution at x=0.3497 on the ROBIN 
fuselage, a =5 degrees.
Experiment 
HMB. left side 
HMB. right side
Experiment 
HMB. leftside : 
HMB. right sid<r
(a) Geometry (b) Cp
Figure 4.15: Comparison of experimental and computational surface pressure distribution at x=0.6003 on the ROBIN 
fuselage, a =5 degrees.
Experiment 
HMB. left side 
HMB, right side
Experiment 
HMB. leftside I 
HMB, right side:
(a) Geometry (b) Cp
Figure 4.16: Comparison of experimental and computational surface pressure distribution at x=0.8809 on the ROBIN 
fuselage, a =5 degrees.
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Empirical Transition Models over ROBIN fuselage
Based on the previous results for the surface distribution at different stations alongside the fuselage body, the transition 
location was calculated with the use of the empirical methods and is presented in the following figures. As the empirical 
correlation transition models requires the flow to be mainly two-dimensional, five different longitudinal slices were 
selected, three on the fuselage and two on the hubshroud. The z coordinates of each slice are presented in table (4.3) 
and seen in figure (7.12). With this method the three dimensional shape of the fuselage body can be manipulated as 
a two-dimensional shape. For each slice, the location of transition onset was estimated using the models of Michel, 
Cebeci and Smith and Abu-Ghannam and Shaw.
Slice z
1 -0.004426
2 0.002182
3 0.0795
4 0.1415
5 0.1724
Table 4.3: Slices of ROBIN fuselage.
Z/R=0.1724
Z/R=0.1415
Z/R =0.0795
Z/R=0.00218/i*
Figure 4.17: Slices of ROBIN fuselage.
As can be seen from figures (4.18(a)) and (4.19(a)), the onset of transition occurred at about 20% along the 
main part of fuselage body. Similar results are also observed also for the case of 5 degrees nose down, figures 
(4.18(b)) and (4.19(b)) respectively. When the Abu-Ghannam and Shaw model was used, the onset of transition 
occurred slightly earlier. The results for the end of transition based on Abu-Ghannam and Shaw model where based
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on different parameters of the correlation, the method predicts the end of transitional flow after the 60% of the body. 
The results based on the Abu-Ghannam and Shaw model can be seen in figures (4.20(a)) and (4.21(a)) for -5 degrees 
and (4.20(b)) and (4.21(b)) for 5 degrees. These figures present also the sensitivity of the Abu-Ghannam and Show 
model to its parameters. Considering that the end of transition is given by the equation ReXE = a ■ Rexs + b ■ (Rexs)c 
and providing different values for the parameter c, the length of the transition region can be increased with transition 
to occurs in half of the fuselage body.
------- ROBIN
CSent
X.i.i i 1 i i i I i n I
(a) \a SI ice, angle: —5 degrees (b) \s'Slice,angle : 5 degrees
Figure 4.18: Transition location for the first slice of the ROBIN fuselage. Calculations are for Michel criterion and 
Cebeci and Smith method, (z = -0.004426)
(a) 2ndSlice,angle: —5 degrees (b) 2ndSlice,angle : 5 degrees
Figure 4.19: Transition location for the second slice of the ROBIN fuselage. Calculations are for Michel criterion and 
Cebeci and Smith method, (z = 0.002182)
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c»0.3, end
csQ.6, end
(a) \slSlice,angle: -5 degrees (b) \s,Slice,angle : 5 degrees
Figure 4.20: Transition location for the first slice of the ROBIN fuselage. Calculations based on the Abu-Ghannam 
and Shaw criterion, (z = -0.004426)
(a) 2ndSlice,angle : -5 degrees (b) 2ndSlice,angle : 5 degrees
Figure 4.21: Transition location for the second slice of the ROBIN fuselage. Calculations based on the Abu-Ghannam 
and Shaw criterion, (z = 0.002182)
The transition location at -5 degrees is predicted at about half way along the fuselage. The Cebeci and Smith 
model, estimates the onset of transition earlier than the Michel criterion due to the lower values of momentum thickness 
Reynolds number that produced. On the other hand, for these pitch angles, the calculations based on the Abu-Ghannam 
and Shaw method show a slight earlier onset of transition from the other two empirical criteria ( Michel and Cebeci 
Smith criteria). The transitional flow based on Abu-Ghannam and Shaw method occupies 25% of the doghouse length.
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(a) 4,h SI ice, angle : -5 degrees (b) 4'h SI ice, angle: 5 degrees
Figure 4.22: Transition location for the fourth slice of the ROBIN fuselage. Calculations are for Michel criterion and 
Cebeci and Smith method, (z = 0.1415)
(a) 5'h SI ice, angle: —5 degrees (b) 5,hSlice,angle: 5 degrees
Hgure 4.23: Transition location for the fifth slice of the ROBIN fuselage. Calculations are for Michel criterion and 
Cebeci and Smith method, (z = 0.1724)
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(a) 4'hSlice,angle : -5 degrees (b) 4thSlice,angle: 5 degrees
Figure 4.24: Transition location for the fourth slice of the ROBIN fuselage. Calculations based on the Abu-Ghannam 
and Shaw criterion, (z = 0.1415)
c=0.8. end
(a) 5,hSlice,angle: —5 degrees (b) 5,hSlice,angle: 5 degrees
Figure 4.25: Transition location for the fifth slice of the ROBIN fuselage. Calculations based on the Abu-Ghannam 
and Shaw criterion, (z = 0.1724)
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The previous results can be explained if the Reynolds number produced from Michel’s (RemjCh) and Cebeci and 
Smith (R(?cebeci—Smith) criteria alongside the body of the fuselage are compared to the momentum thickness Reynolds 
number (Reg). Based on the conditions on each slide, the Reynolds number increases and the location where the curves 
from each model cross for the first time, shows the onset of transition, in all cases, the Cebeci and Smith criterion 
estimates the onset of transition earlier than when the Michel criterion is used. The comparison of the momentum 
thickness Reynolds number from the different transition models can be seen in the following figures.
Michel criterion
Cebeci Smith criterion
EC 1000
Position (x/c)
(b) Right side
------ Michel criterion
------- Cebeci Smith criterion
0C 1000
Position (x/c)
Figure 4.26: Presentation of Reg — Re\tichei — R^Cebeci-Smith for the left and the right side on the ROBIN fuselage 
(IstSlice,angle : —5 degrees).
Re,
Michel criterion 
Cebeci Smith criterion
8 1000
800 -
600 -
200 .
Position (x/c)
— Michel criterion
Cebeci Smith criterion
8 1000
Position (x/c)
(a) Left side (b) Right side
Figure 4.27: Presentation of Reg — Re Michel — R^Cebeci-Smith for the left and the right side on the ROBIN fuselage 
(VSlice,angle : 5 degrees).
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R.,
Michel criterion 
Cetrecl Smith criterion
Position (x/c)
Right side
Re,
Michel criterion 
Cebecl Smith criterion
£ 1500 -
^ 1000
Position (x/c)
(a) Left side
Figure 4.28: Presentation of Rcq — ReMjCi,ei — Recebed-Smith for the left and the right side on the ROBIN fuselage 
(2s1 SI ice,angle : —5 degrees).
1400 - Re,
Michel criterion 
Cebecl Smith criterion
1200 -
81000
Position (x/c)
(b) Right side
Michel criterion
Cebecl Smith criterion1200 -
Position (x/c)
(a) Left side
Figure 4.29: Presentation of Ree — ReMjC)iei — Recebeci-Smith f°r the left and the right side on the ROBIN fuselage 
(l*'Slice, angle : 5 degrees).
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1200 - Michel criterion
Cebecl Smith criterion
1000-
800 -
600 -
400 -
>:-«* .
j t i i I i i t
Position (x/c)
(a) Left side
------ Michel criterion
1200 - Cebecl Smith criterion
800 -
600 -
400
ROBIN tUMIept
Position (x/c)
(b) Right side
Figure 4.30: Presentation of Rcq — ReMjchei — Recebeci-Smith f°r the left and the right side on the ROBIN fuselage 
{A,hSlice,angle : —5 degrees).
Michel criterion
Cebecl Smith criterion
Position (x/c)
(a) Left side
Re,
Michel criterion 
Cebecl Smith criterion
800 -
400 -
Position (x/c)
(b) Right side
Figure 4.31: Presentation of Rcq — ReMiCi,ei — Recebeci-Smith f°r the left and the right side on the ROBIN fuselage 
(4,h SI ice, angle : 5 degrees).
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Mlchal criterion
Cctteci Smite criterion1500 -
1000 -
Position (x/c)
(b) Right side
1500 - Mlcltel criterion
Catted Smite criterion
Position (x/c)
(a) Left side
Figure 4.32: Presentation of Rcq — Re Michel — Recebeci-Smith for the left and the right side on the ROBIN fuselage 
(5th SI ice,angle : —5 degrees).
Ra,
Mlchal criterion 
Cabaci Smite crtterton
2000
8 1500 -
500 -
_L-L_1.-1.-1.
Position (x/c)
(b) Right side
2000 -
Mlchal criterion
Cabaci Smite criterion
8 1500 -
/ ^ -£ 1000 -
Position (x/c)
(a) Left side
Figure 4.33: Presentation of Rcq - ReMichei ~ R^Cebeci-Smith f°r the left and the right side on the ROBIN fuselage 
(5thSlice, angle : 5 degrees).
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Empirical Transition Models over ROBIN fuselage using streamline
In order to calculate the onset of transition, another way was used with surface streamline to considered. Following the 
streamline, the empirical criteria of Michel and Cebeci and Smith were activated and the onset of transition was calcu­
lated at the location where the momentum thickness Reynolds number exceeded the criteria. A number of streamlines 
was selected, starting from the middle of y/R axis and increased anti-clockwise till it reached again the initial point.
Figures (4.34(a)) ,(4.34(b)), (4.35(a)) and (4.35(b)) present the onset of the transitional flow using the empirical 
correlation of Michel and Cebeci and Smith for -5 degrees. The results agree well with the outcome from the technique 
with the slices, as transition occurs at the middle of the fuselage body. Moreover, for the range of the current Reynolds 
number, the Cebeci and Smith correlation predicts the transition onset earlier than Michel’s criterion. This was also 
seen at the technique with the slices. As seen for figure (4.34(b)), the distance between the points where the two 
empirical criteria estimate the transition onset, for the case of -5 degrees nose down angle, can reach 10% of the 
fuselage body.
(a) Top side
Figure 4.34: Transition points for the -5 degrees nose down angle of the ROBIN fuselage body using streamlines. 
Results correspond to Michel’s criterion (green dots) and Cebeci-Smith method (black dots).
Figures (4.36(a)) - (4.36(c)) present the results from the empirical correlations which provided the transition 
points. The momentum thickness Reynolds number increases and at around the 20% along the body, it crosses the 
momentum thickness Reynolds number based on Michel’s and Cebeci and Smith models.
The ROBIN fuselage was also tested for the case of 3 degrees nose down. As can be seen in figures (4.1.3) 
and (4.38(a)) - (4.38(b)), the transition location occurs at the first half of the fuselage and based on the information
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Figure 4.35: Transition points for the -5 degrees nose down angle of the ROBIN fuselage body using streamlines. 
Results correspond to Michel’s criterion (green dots) and the Cebeci-Smith method (black dots) for the left and right 
surface of the fuselage.
CMMCi Smith critwion
Position (x/c)
(a) \st Streamline
S BOO
200 -
Position (x/c)
(b) 2nd Streamline
Ctbta Smith cnttnon
500 -
«.«* Ilf
Position (x/c)
(c) yd Streamline
Figure 4.36: Presentation of Reg — Re\ncfiei — Recebed-Smith for different streamlines on the ROBIN fuselage (-5 de­
grees case).
CHAPTER 4. 3D CASES: ROTOR AND FUSELAGE 164
derived from figures (4.39(a)) - (4.39(b)), the onset of transition can be estimated at the 20% of the body length. For 
the bottom surface of the body, the transition was initiated at 20% of the length of the fuselage. As streamlines closer 
to the doghouse of the helicopter are selected, the onset of transition moved at about 40% of the body length. On the 
doghouse of the fuselage the transition initiates almost mid-way along its length. This is due to a second stagnation 
point that is observed at the front of the doghouse and the increased pressure distribution of the area.
Figure 4.37: Transition points for the 3 degrees nose down angle of the ROBIN fuselage body using streamlines. 
Results correspond to Michel’s criterion (green dots) and Cebeci-Smith method (black dots) for the lower surface of 
the fuselage.
(a) Left side
Mm*: 0.0*41 
*•: 4400000
(b) Right side
Figure 4.38: Transition point for the 3 degrees nose down angle of the ROBIN fuselage body using the streamlines. 
The results are correspond to the Michel criterion (green dots) and Cebeci-Smith method (black dots) for the left and 
right surface of the fuselage.
k- (O—y— Reo, Model over ROBIN fuselage using streamline
The ROBIN fuselage was also used as a three-dimensional case to validate the k — (d — y— Ree, model. The calcu­
lations were performed for an incidence angle of 0 degrees. The convergence history of the calculations can be seen
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Position (x/e)
(a) 2nd Streamline
Position (x/c)
(b) 3nl Streamline
Figure 4.39: Presentation of Rcq — ReMkhel ~ Recebeti-Smith for different streamlines on the ROBIN fuselage (3 degrees 
case).
in figures (4.40(a)) and (4.40(b)) for fully turbulent and transition calculations, respectively. Each figure presents the 
residuals as a function of iterations are presented with Residual-1 to be the one for the RANS equations, Residual-2 
for the turbulent model, while Residual-3 to be the residual for the transition model. As residuals, the square root 
of the inner product (/“-norm) of each of the variables of the equations is considered. Cpu-time, the fully turbulent 
calculations required almost half time in comparison to the k- (O-y-Ree, model to reached a 10-5 residual, with
25min and 10.5sec for fully turbulent to 43min and 57.5sec for the transitional calculations.
Iterations Iterations
(a) Fully Turbulent ic-fi) (b)K:-ct)-y - Ree,
Figure 4.40: Residuals as a function of iterations for the flow around a ROBIN fuselage. Comparison between the 
results from fully turbulent k: — ft) and from a k — co — y— Ree, solution. Residual-1 is the residual for the RANS 
equations while Residual-2 is for the turbulent model. The residual for the transition model is given by the name 
Residual-3.
The transitional flow on the fuselage resulted in a 5.15% lift production compared to the fully turbulent solution.
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A slight reduction of friction drag for 4.13% was occurred with the use of the K — a — y— Reot model. Average values 
of lift and drag can he seen on table (4.4) while plots of the lift and friction drag coefficients for the ROBIN is shown 
in figures (4.41(a)) and (4.41(b)).
Fully Turbulent K-co-y-Ree,
CL 7.796 KT4 7.395 IQ-4
Cd/ 1.264 IQ"4 1.212 KT4
Table 4.4: Lift and friction drag values for the ROBIN fuselage based on total surface of body.
10000
(a) Lift Coefficient (b) Friction Drag Coefficient
Figure 4.41: Lift and friction drag distributions around whole ROBIN fuselage. Comparison between the fully turbu­
lent k— (O and the k— (0 — y—Ree, model (M = 0.064,Re = 4.46 x 106).
The calculated surface pressure distribution around the ROBIN fuselage can be seen in figure (4.1.3). Both 
figures show the existence of two stagnation points on the fuselage, one at the very front of the body and one at the 
hubshroud.
The predicted turbulence Reynolds number for a fully turbulent and transitional solution is shown in figures 
(4.1.3). The main differences in the transitional solution are the front part of the fuselage and hubshroud are more 
laminar. The onset of transition is estimated at 26% of the main part of fuselage body while for the hubshroud, 48% 
of the body remains laminar.
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(a) Fully Turbulent K- co (b) K-co-y-Rest
Figure 4.42: Surface pressure distribution around whole ROBIN fuselage. Comparison between the fully turbulent 
K—co and the K— co-y- Reet model (M = 0.064,Re = 4.46 x 106).
(a) Fully Turbulent K—a) (b) K-(0-Y-Ree,
Figure 4.43: Isosurfaces of turbulence Reynolds number around ROBIN fuselage. Comparison between the fully 
turbulent k — co and the k- co — y— Reot model (Af = 0.064,/te = 4.46 x 106).
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4.2 UH-60A Rotor
As a first configuration for the rotor test cases, a four bladed rotor system of the Blackhawk helicopter was selected. 
The UH-60A rotor is one of the more tested rotors1891. Two aerofoil profiles, SC-1095 and SC-1095R8, are used to 
construct the surface definition of each blade. The features of the blade can be seen in figure (4.44(a)). The blade 
has a linear twist over the first 80% R1901. The flow of the UH-60A rotor is interesting due to the swept-tip and the 
non-linear twist at the tip of the blade. Figure (4.44(b)) presents the twist distribution used in this work.
SC1095 SC1095R8 SC1095
0.47 R 0.49 R
(a) UH-60A rotor blade.
0.85 R
Experiment 
FE model Dindar et al.
(b) Twist distribution.
Figure 4.44: Geometry of UH-60A rotor blade; nonlinear twist according to Dindar et al.1901.
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4.2.1 Grid development - UII-60A Rotor
Mesh generation and mesh quality are of fundamental importance in all aerodynamics simulations and even more 
in rotorcraft. The construction of a mesh around a rotor case has to follow a specific procedure. In order to save 
computational effort, the symmetry of the rotor system is used. If the rotor at hand is a four bladed rotor, ninety 
degrees of azimuth is meshed with the rotor blade placed at the centre of the mesh. The rotor is considered to be at 
the centre of a tube. The outer surface of mesh is defined as the far-field of the computational domain. The two cut 
through sections are denoted as symmetry surfaces. The mesh points on these surfaces have to be identical. The top 
surface where the flow enters the tube is known as the inflow and the lower surface is denoted as outflow. The hub of 
the rotor is placed where the two symmetry planes intersect. Moreover, slices are placed between the two symmetry 
surfaces at every station where a blade section is defined. The domain geometry and the grid topology for the forward 
flight UH-60A rotor is shown in figures (4.45(a)) and (4.45(b)) respectively.
The rotor blade is modelled in space so that the point of azimuthal rotation lay upon the origin of the system. 
The blade was positioned so that the blade pitch axis is aligned with the quarter chord line which was positioned 
along the x-axis. The z-axis runs vertically in the plane between the inflow and the outflow surfaces and the y-axis 
runs parallel to the inflow and outflow surfaces. The chord of the blade was unit of length and everything was scaled 
relative to this. A C-giid is used around the aerofoil and steps similar to the creation of a 2-dimensional topologies.
The blade for the UH-60A rotor consists of two different aerofoil sections, the SC-1095 and the SC-1095R8. 
The inboard section runs from 0.1925R to 0.4658R and uses the SC-1095 section. Between 0.4658R and 0.4969R, a 
linear transition into the section SC-1095R8 is used which continues to 0.823R. Another linear transition occurs from 
0.823R to 0.854R where the blade section is again the SC-1095 aerofoil. The blade finishes into a swept tip. This is 
achieved by rotating the section about the trailing edge at 0.9286R for 20 degrees. The total number of grid points for 
the UH-60A rotor is 7,980,000 points. Experience has shown that 10-5 chords in the normal direction gives enough 
resolution in the boundary layer. An exponential law perpendicular to the wall is used. The mesh around the blade can 
be seen in figure (4.46).
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(a) Computational Domain
(b) Multi-block Topology
Figure 4.45: CFD domain and multi-block topology for the UH-60A rotor at forward flight conditions.
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Figure 4.46: Surface grid of the UH-60A rotor blade.
4.2.2 Transitional Flow around a UH-60A Helicopter Rotor
The UH-60A main rotor was tested in forward-flight conditions considering an advance ratio of JJ. = 0.368 and tip 
Mach number at M,/p = 0.67. The detailed list of parameters is presented in table (4.5).
In every radial position r/R of the UH-60A blade, the velocity of the section is the sum of the blade rotation 
and the free-stream velocity component. The velocity components combine a mean velocity equal to r/R times the tip 
velocity and a sinusoidally component due to the free-stream velocity. The conditions for different stations across the 
blade are presented at table (4.6).
Case I1 Mtip @shaft 6b 0\s die P\c A) Ac
UH-60A 0.368 0.67 7.3 14.6 8.63 -2.39 3.43 -1.04 -0.7
Table 4.5: Parameters of forward-flight case of the UH-60A rotor.
Figures (4.47(a)) and (4.47(b)) compare the predicted sectional normal force and the pitching moments with 
the experimental data for the 0.675 R station . The comparison shows that the sectional normal forces and pitching
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Station,% Section M„P(r//?) My=9Q My=210
45 SC 1095 0.3015 0.54806 0.05494
55 SCI 095R8 0.3685 0.61506 0.12194
65 SC1095R8 0.4355 0.68206 0.18894
75 SC1095R8 0.5025 0.74906 0.25594
85 SC 1095 0.5695 0.81606 0.32294
95 SC 1095 0.6365 0.88306 0.38994
Table 4.6: Conditions at several radial stations of the UH-60A rotor blade (A/r/p = 0.67 and n = 0.368).
moments are well predicted from the CFD code. A small underprediction is observed for the normal forces. Further­
more, for the pitching moment a change of the condition is observed at 180 degrees where the HMB solver starts from 
overpredicting the experimental data in the advance side and change to underpredict them for the retreating side of the 
rotor. Similar results are observed at figures (4.48(a)) and (4.48(b)) where the comparisons are for the 0.865 R station. 
The solver continues to underpredict the experimental data for the normal forces and for the pitching moment.
■g 0.005 -
Experiments 
MMB, elastic blade :
UH60 rotor 
Po- am6
Experiments -
UH60 rotor
Ro din6
Figure 4.47: Azimuth variation of the sectional normal force and pitching moments for the UH-60A rotor at high 
forward (light, r/R=0.675.
Empirical Transition Models around UH-60A Rotor
The objective of the figures (4.49(a)) and (4.49(b)) is to present the location of the onset of transition region along 
different sections of the blade. The results shown are for y/ = 60 degrees and 315 degrees of azimuth and are predicted 
using the empirical criteria of Michel and Cebcci-Smith. As can be seen from figure (4.49(a)) the location of the 
transition region depends on the pitch angle of the blade. For stations closer to the root of the blade the transition onset 
occurs closer to the leading edge on the upper surface, although for the lower surface the transition points are located 
further downstream close to the trailing edge. On the other hand, the situation changes, as the stations closer to the tip
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Figure 4.48: Azimuth variation of the sectional normal force and pitching moments for the UH-60A rotor at high 
forward flight, r/R=0.865.
of the blade are examined. Now, the incidence angle of the section is reduced and the transition point for the upper 
surface was moved downstream while at the lower surface, the transition point came closer to the leading edge. For all 
stations, it is obvious that the Cebeci and Smith criterion predicts earlier the transition in comparison to the Michel’s 
criterion. For the case of y/ = 315 degrees azimuth angle, at the retreating side, the flow remains mainly laminar for 
the lower surface. For the upper surface, the onset of the transition region is closer to the leading edge mainly due to 
the relatively higher incidence angles experienced by the blade section.
p: 0.368
y Position
y: 315°
p: 0.368
O 15 -
y Position
(a) y = 60" (b) v/ = 315'’
Figure 4.49: Transition location for different rotor sections and two different incidence angles. The Michel and Cebeci 
Smith criteria are presented.
Figures (4.50(a)) and (4.50(b)) show the transition point for the same r/R station and for different azimuth 
angles. The two outer stations were selected at 85% and 95% R. On the retreating side of the disk, transition for the
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upper surface occurs close to the leading edge while the lower surface remains laminar. On the advancing side, based 
on the blade loading, transition occurs at the same location for the both sides of the blade. It is interesting how rapidly 
the transition point moves rapidly from leading edge to midchord as the blade rotates and moves from the advancing 
to the retreating side.
(b) r/R = 0.95
p: 0.368
y Position
Figure 4.50: Transition location for a range of incidence angles and different rotor sections. The Michel and Cebeci 
Smith criteria are presented.
The onset and end of the transition region based on the Abu-Ghannam and Shaw model are presented in figures 
(4.51(a)) and (4.51(b)). The results are for two sections of the rotor blade at 0.75 R and 0.95 R respectively. The model 
showed similar trends like the previous empirical criteria. Also, similar trends observed on two dimensional aerofoils 
with the end of transition moving faster downstream towards the trailing edge as the pitch angle increases. On the 
other hand, the predictions suggest later transition.
4.3 Caradonna-Tting Rotor
Another rotor used to validate the transition models is the two-bladed rotor from Caradonna and Tung1911. This rotor 
was used on wind tunnel tests for rotor performance and wake measurements. It was a two-bladed rotor, constructed 
using a NACA0012 profile along the blade span with untwisted and untapered geometry. The blade was of low aspect 
ratio (AR = 6) similar to a tail rotor configuration. The experiment was conducted in the Army Aeromechanics Labora- 
torys hover test facility which includes a large chamber with special ducting designed to eliminate room recirculation. 
The rotor was placed at the centre of the chamber and was mounted at a tall column containing a drive shaft. In their
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y Position y Position
(a) r/R = 0.75 (b) r/R = 0.95
Figure 4.51: Transition onset and end based on the Abu-Ghannam and Shaw criterion. Sections at 0.75% R and 0.95% 
R for a range of azimuth angles.
work, the rotor in hover was simulated at a variety of collective pitch angles (from 5 degrees to 12 degrees ) and tip 
Mach number (from 0.226 to 0.890) settings including the transonic flow regime. In the experiment, the blade surface 
pressure load was measured by pressure tubes connected to three valves.
4.3.1 Grid development - Caradonna-Tdng Rotor
Following a similar procedure with the forward flying rotors, the symmetry of the rotor system is used. For the two 
bladed rotor, half the domain is meshed with the rotor blade placed at the centre of the mesh. The two cut through 
sections are denoted as symmetry surfaces. The mesh points on these surfaces have to be identical. The top surface 
where the flow enters the tube is known as the inflow and the lower surface is denoted as outflow. The hub of the rotor 
is placed where the two symmetry planes intersect and expands the whole z axis. The domain geometry is shown in 
figure (4.52).
The blade of the rotor consists of a NACA0012 profile. The total number of grid points around the rotor is 
12,072,000 points. A C-topology was developed around the blade section. The C-topology is embedded in an H-block 
structure extended to the inflow and outflow. There are 320 points wrapped around each section while 85 points are 
distributed from root to the tip of the rotor blade. In the normal direction to the rotor blade, 92 points were used with 
initial spacing of 10-5 chords. A detailed view of the grid around the rotor blade can be seen in figure (4.53).
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Figure 4.53: Surface grid of the rotor in hover.
4.3.2 Transitional Flow around the Caradonna-Tting Rotor
The Caradonna and Tung rotor was tested in hover conditions. For the test case, the tip Mach number of M,iP = 0.468 
and the Reynolds number of 2 x 106 was used. The selected collective angle was at 0 =12 degrees for this test case.
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The transitional flow on the blade resulted in about 1% reduction in torque compared to the fully turbulent
solution. When the lift is compared, the transitional calculations showed an 0.34% lift reduction in comparison to
fully turbulent calculations. This result is apparently due to the promotion of the turbulent flow due to blade rotation
and the relatively high Reynolds number.
The surface pressure coefficients at 33% and 83% of the radius for the Caradonna-Tung rotor can be seen 
in figures (4.54(a)) and (4.54(b)) respectively. The fully turbulent solutions show higher peak values of surface in 
comparison to the transitional calculations on both sections. The isosurfaces of Cp around the blade of Caradonna- 
Tung rotor can be seen in figures (4.55(a)) and (4.55(b)).
y Position
(a) 33% Radius
y Position
(b) 83% Radius
Figure 4.54: Surface pressure distribution for different sections of the blade for the Caradonna-Tung rotor. (A/M> = 
0.468 and /?e = 2x 106)
* 2
(a) Fully Turbulent ic—to (b) K-a-y-Reg,
Figure 4.55: Isosurfaces of surface pressure distribution around Caradonna-Tung rotor. (M,jp = 0.468 and Re = 
2 x 106)
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The isosurfaces of turbulence Reynolds number can be seen in figures (4.56(a)) and (4.56(b)) for the fully 
turbulent and transition model respectively. The K — co — y—Req, model seems to calculate higher values of turbulent 
Reynolds number from the fully turbulent calculations which indicates that the model has to be calibrated for the hover 
conditions.
(a) Fully Turbulent K—ft) (b) k— (0 — y— Reg,
Figure 4.56: Isosurfaces of turbulent Reynolds number around Caradonna-Tung rotor. (M,jp = 0.468 and Re = 2x 106)
4.4 Model Tail Rotor in Hover
The next case qualitatively investigates the behaviour of the transition models for a model tail rotor. There is no 
experimental data available for this use. The main purpose is to show that the transition models functions correctly in 
in hover and gives qualitatively reasonable results.
The blade consists of a NACA 0012 section. The tip Mach and Reynolds numbers for this case were considered 
at 0.6 and 1.1668 x 106, respectively. Two different collective angles were selected for this test case, one at 10 degrees 
and one at 20 degrees.
4.4.1 Grid development - Tail Rotor in Hover
For the development of the mesh, the same procedure seen in the forward flying and hover rotor was used. The block 
topology was developed based on a C-topology around the blade section. The C-topology is embedded in an H-block
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structure extended to the inflow and outflow. Based on the general characteristic for the construction of grids for rotor 
cases, the normal distance for the first cells of the block adjacent to the blade surface was 10“5 c. An exponential law 
was used for the cells normal to the wall. The block topology around the tail rotor can be seen in figure (4.57) while a 
detailed view of the mesh around the blade is seen in figure (4.58).
z
Figure 4.57: Multi-block topology around tail rotor.
z
Figure 4.58: Surface grid of the model tail rotor blade.
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4.4.2 Transition Location for the Flow around a Tail Rotor
To estimate the transition point two methods were selected and were compared besides the different empirical criteria 
of Michel and Cebeci and Smith that were used. Initially, 10 slices alongside the x-direction were taken from the 
blade. Then using the criterion of Michel and the Cebeci and Smith method the onset of the transitional flow was 
found. The results from the slices were compared with the outcome from the estimation of the transition onset using 
surface streamlines at the same r/R of the blade. Before the method of streamlines is used, a transformation of the 
velocity field should be taken into account. This is due to the calculation of hovering rotor in a relative frame of 
reference128^.
As can be seen in figures (4.59(a))-(4.59(b)), for the fy) =10 degrees case, and in figures (4.60(a))-(4.60(b)),
for the Bq =20 degrees case, the results are similar to the one observed on simple aerofoil cases. On the upper surface.
the transition occurs closer to the leading edge as we approach the tip for both cases. As for the pressure side, as the
9 increases the whole area laminarises sending the onset of transition at the trailing edge.
M6 Blade Hover 
Mach: 0.6 
Re: 1166000
6:10°
M6 Blade Hover 
Mach: 0.6 
Re: 1168000
eiiO”
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X X
(a) Upper surface (b) Lower surface
Figure 4.59: Transition point for a range of different rotor sections. Michel and Cebeci-Smith criteria are used. Upper 
and Lower surface are presented. (Bo =10 degrees, M,jP = 0.6 and Re = 1.1668 x 106)
The flows around rotors serve here to illustrate the empirical correlation transition methods. The correlations 
used here cannot capture the cross-flow effect of transition and therefore results cannot be seen as indicative of an 
overall effect rather than accurate predictions.
CHAPTER 4. 3D CASES: ROTOR AND FUSELAGE 181
M6 Blade Hover 
Mach: 0.6 
Re: 1168000
0:20° M6 Blade Hover Mach: 0.6 
Re: 1168000
0:2OJ
u
i-r r
(a) Upper surface (b) Lower surface
Figure 4.60: Transition point for a range of different rotor sections. Michel and Cebeci-Smith criteria are used. Upper 
and Lower surface are presented, =20 degrees, M,jp = 0.6 and Re — 1.1668 x 106)
4.5 Summary
In this chapter, three dimensional flow test cases were used to validate the empirical correlation model and the K — 
ft) — y — Reei model. In general, all models showed promising results. Unfortunately, the lack of experimental data 
made the comparison difficult.
The empirical correlation transition models had the difficulty that the three dimensional flow had initially to be 
transformed into two-dimensional before they would be applied. In general, the models showed the same behaviour 
observed during the two-dimensional flows. The two models, Michel and Cebeci and Smith, showed similar results 
with the latter predicting slightly earlier transition. The Abu-Ghannam and Shaw model estimated an early start of 
transition showing the same sensitivity observed at the two-dimensional calculations.
The K— (O — y— Ree, model showed satisfactory results. By using only local information, the model was able 
to calculate the transition flow easily. The results from the model for the ROBIN fuselage showed a good agreement 
with the results from the empirical correlation models. Nevertheless, the transition model predictions for all cases 
appeared to be reasonable and without the need of the transformation of the problem into a two-dimensional case by 
taking slices or follwing the treamlines, the model showed promising results.
Chapter 5
Conclusions and Future Work
This thesis documents the importance of transition models in rotorcraft applications using Computational Fluid Dy­
namics (CFD). The objective was to model the physics behind the transition flow based on Tollmien-Schlichdng insta­
bilities and to implement and validate existing transition models in Liverpool’s Helicopter Multi-Block (HMB) solver. 
This work, also, tries to implement and validate the transition models of several families and presents a framework for 
the implicit treatment of these models in CFD solvers.
5.1 Summary - Conclusions
To start with, simple transition models based on empirical correlations used in the existing CFD model were presented 
in this work. These models are developed based on observed trends in experiments and produce acceptable results for 
flows similar to the cases they were derived for. The correlation based models relate transition Reynolds number to 
the momentum thickness Reynolds number and require the knowledge of non-local information in order to predict the 
transition onset. The correlation based models were implemented in the HMB code and used in conjuction with the 
k — (0 two equation turbulence model for flows around aerofoils, fuselages and rotors. Their results were compared 
with experiments and if no experimental data were available, XFOIL was used instead. For steady and unsteady 
2-dimensional flows, the Michel and Cebeci and Smith criteria gave similar results and the agreement with the test 
data was fair. The models managed to capture the transition and showed the same trend like the experiments. The 
Abu-Ghannam and Shaw model showed a sensitivity on the flow conditions and oveipredicted the onset of transition
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in the majority of the test cases.
Moreover, a recent transition model was also presented. This model is based on local information but it is not 
free of empirical correlation. It requires the solution of extra two transport equations similar to the existing two of 
the SST k — co model with which it is coupled. The results for this category of transition models were satisfactory for 
two-dimensional cases. They showed good agreement with the existing experimental data and hold the promise for 
efficient computations of three-dimensional flows.
The CPU cost of the correlation based models was minimal although some extra CPU time was needed in 
comparison with the fully turbulent cases. The cost was mainly associated with the iteration process needed to establish 
the transition point and adjust it until convergence. On the other hand, the K—co — j—Rcq, model was implemented 
in the HMB code adding extra terms on the implicit calculations. The code has to solve two extra transport equations 
added in the calculation of the SST k— 6) model which almost double the CPU time needed. On the other hand, no 
special care is needed for solving complex 3D flows.
The validation of the models against a number of diverse and challenging test cases were presented in this work. 
Starting from steady flows around 2D aerofoils, then unsteady 2D flow and finally on the more complex test cases such 
as a 3D helicopter fuselage body, a forward flying and a hovering rotor. In general the transition models improved 
the predictions. They resulted in acceptable agreement with the available experimental data. For the 2D aerofoils and 
for certain conditions the transition models appear to be comparable with the eN model as it is implemented in the 
well-known XFOIL code. The models showed a dependency on incidence angle with the transition onset moving with 
the angle of attack for both steady and unsteady aerofoil cases. Moreover, when skin friction was calculated, lower 
values of friction were estimated and a low drag bucket was predicted. The skin friction was in general overpredicted 
for fully turbulent calculations but all transition models gave realistic Cf curves with laminar and turbulent parts. For 
the complex three-dimensional flows around a helicopter fuselage or rotor, this work is the first were such cases were 
computed with the use of transition models. For the simple correlation based models, the three dimensional flow had 
to be transformed into two-dimensional sections by cutting the body in slices or following the streamlines along the 
surfaces. These slices showed the difficulty of the correlation-based flow to calculate three-dimensional flows. The 
k—co — y—Re q, model, on the other hand, by using only local information was able to calculate the transition flow 
easily.
It has to be mentioned that this work covers transition mechanisms due to Tollmien-Schlichting instabilities
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and laminar separation. During the calculation of the transition point for three-dimensional flow no consideration was 
given to cross-flow dependency. This was left as an area of future investigation.
5.2 Suggestions for Future Work
The transition models presented in this thesis provided encouraging results for improvement of simulations of flows 
relates to rotorcraft applications. However, a number of extensions to the work presented in this thesis have been 
identified that would enhance further the understanding of transitional flow.
The investigation of the unsteady flow of the NACA 0012 aerofoil identified the limitation of the empirical cor­
relation models to predict satisfactory the onset of transition leading to a very interesting idea for future development 
that would extend the K—CO — y—Reg, model for predicting transition on unsteady calculations. This has so far never 
been attempted. The key difficulty is the lack of experiments for validation.
Moreover, as both the flow around the helicopter fuselage and the rotor were investigated, it will be beneficial 
to investigate the interaction of the rotor with the fuselage or the main rotor with the rear rotor. This has so far never 
been attempted. The complexity of the flows combined with the lack of experimental data for validation would be the 
main difficulties.
This work was basically concentrated on transition occurring due to Tollmien-Schlichting instabilities and 
laminar separation. However, the flow around a forward flying rotor or a rotor in hover is considered as very complex 
and many other transition mechanisms occurred. It would be beneficial to investigate the transition based on crossflow 
instabilities and bypass mechanism and extend the fc — co — y—Reg, model to boundary layer flows with strong three- 
dimensionality. There exists a large amount of work on crossflow transition and the selection of empirical correlation 
for transition onset in order to account for the crossflow instability mechanism would not be difficult. The promising 
criteria would be based only on local flow variables in order to trigger the production of eddy viscosity inside the 
boundary layer.
While the importance of transition flow is recognised by many researchers, the need for experimental data that 
will used to validate the existing transition models and improve their accuracy is more than obvious. As the K—00 — y— 
Regt is a fairly new transition model and it is not free of empirical correlations like the one for the length of transition 
or the critical momentum thickness Reynolds number, there is always a need to continue validating the model on
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additional test cases. An experiment would help develop empirical correlations for the k—co — y— Regr model that will 
be more appropriate for use in rotorcraft applications. Moreover, it could provide the opportunity to validate the models 
on additional test cases. Such test cases could be on simple rotors with measurement techniques including surface- 
mounted hot-films and possibly surface flow visualisation combined with pressure taps. Alternatively pressure- or 
strain-sensitive paint could be used.
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Appendix A
Implementation of the source functions for 
the k — co — y — Reet Transition Model
A.l Non-dimensionalisation of the basic functions and parameters
For the implementation of the models in the HMB solver, their parameters and functions have to be appropriately 
non-dimensionalised. Anything related to length would be non-dimensionalised with the characteristic length (L), the 
velocities with the freestream velocity (f/oo) while density and viscosity with their freestream values (p^) and (p^) 
respectively. During this procedure, the Reynolds number which is given as Re — ^ is also used.
Previously the aerofoil chord (c) is used as characteristic length.
Following this idea, the next quantities are transformed into dimensionless as follows: 
• The turbulence kinetic energy (A):
k'
_k_
ul
• The specific dissipation rate of turbulence (£0):
ft)
ft)
f/oo/c
• The turbulence viscosity (^r):
pk
ft)
* Mr <a> pT = —
Moo
• The pressure gradient parameter (Xq):
p^Ul p*k*
co* Uoo/c ~ ft)* Pc
co' •pcof/ooC P*A*
pooUooC ft)*
1 ^ 1 N> dU d*2 dU* c2Uoc
V ds v* ds* VooC
! dU* f/ooC 8*2 dU*
V* ds* Voo v* ds*
PoJJooC
Re
X0t —
0*2 dU'
ds*
Xei
Re
(A.l)
(A.2)
(A.3)
(A.4)
(A.5)
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The pressure gradient parameter (To) can also be estimated with the use of momentum thickness Reynolds 
number {Re$) by solving for it
„ n ReePReg =------ ^ Q — ——
fl pU
then the pressure gradient parameter (Tq) can be given as:
_62 dU __ Relp2 dU 
dt~ v ds ~ p2U2v 'ds
 Refp.*2 dU* Re2pi l/»
^ ^9r ~
Flow acceleration parameter (K):
P*2u*2y* ds* p2U2v„
Ref)!-1 dU* Re2pm
P*2u*2y* ds* ^Dco c
Refit*2 dU* Re2
P*2jj*2y* ds* Re
Refii*2 dU*
ReP*2U*2y* ds*
Refit*2 dU* ^■Qt
p*2U*2V* ds* ~ Re
\ dU* vmUa
\U2) ds \U*2J ds* 
_ / \ dU* 1 f v* ^
~ \U^) ~dF^£ ~ XlF2)
U2c 
dU* 1 
ds* Re
dU*-**-(£)* K
1/Re
The viscous stress (t):
1 fdut diij.
2Ma^ + 3j,f PooU2
The strain rate tensor (Si/):
n _ , ^!IJ\
AlJ~2{dxJ+dxl)
duj U~ 
~ 2 dxj dxf c 
dul
2v d.Xj dxf Uov/c
• The absolute value of strain rate (S):
S=(2S?,S/*/)1/2%
(A. 6)
(A.7)
(A.8)
(A.9)
= (2s-jSij)1/2
Uco/C
(A. 10)
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• The vorticity tensor (O,^):
El, = 1 (dui dl'j\IJ 2{dxj dxiJ 
1 duj.Uc
dxr C2x dx"j
<&£l*. =lJ 2{dx)
^llj \ __ Eljj 
dx* Uoa/c
* The absolute value of vorticity {El):
a^{2Q^j)1/2
a* = (2n;,n;;.)1/2
u„
EL
U^jc
The viscosity ratio {Rj):
Rj =
pk p*k* pmUl
*$R% =
pea p*CQ*
p*k* pooUooC _ p*k*
p*®* /!«, p*ca*
p*k* _ Rt_ 
p*(d* ~ Re
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The momentum thickness (0):
Reep _ Re*ep* Rep*
pU p*U* p^U 
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^ 0 s =
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(A.ll)
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(A. 14)
The displacement thickness (5)
U U 2
50DY 15 —c 5Q£l*y* 15=------ ------ 6-^-
U* 2 V* U*
g* s soay 15 oS* = - = ——4——d
c U* 2 
• The momentum thickness Reynolds number (ReQt):
pue p*u*e* p^u^c
Reoi = p p*
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44 Re*0l = p^O* Reet
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(A. 15)
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* The vorticity Reynolds number (Rev) based on strain rate:
Pfs pysy p.c2(^)
Jl [1* iAx,
p*y*2S* PvaU^c p*y*2S*
Rev =
<F>Re*,
j.1* IU 
p*y*2S* _ Rev 
p* Re
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* The Reynolds number based on specific dissipation rate of turbulence (Rea):
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Rem —
p p* /u
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The wall distance based turbulent Reynolds number (Rev):
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A.2 Transport equation for the turbulent kinetic energy (k)
The equation for the the turbulent kinetic energy (k) of the K — y— (0 — Reet model can be written as follows:
d d d dieIn ^ + ^pkllj^ = reffP ~ minlmax{reff,0.1), 1.0] • /ipmk + — [(^i + Ofc/Xr)
In order to no-dimensionalise the equation, the following terms have to be considered:
|(p*) = K^].T(p.r)
J J
Based on eqn. (A.4), the dissipation term of eqn. (A,20) can be written as
dr/ . dk
[(p + GkPry
1 ^ * , * yUldk*
dXj ^ 1 ^,Jdxji c dx] n~+GkpTp~) c dx.
dx]lj J
The production term from the k — O model based on eqn. (A.S) is written as
(A. 17)
(A. 18)
(A. 19)
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(A.23)
P (A.24)
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The destruction term is given as
U3
{3*peak — [p~—] ‘Pp*(D*k (A.25)
After the appropriate simplifications and considering that
ju»e£ U~
c- _ C _ 1 1
teMl pmU^ P~u~c Re
the dimensionless equation for k is given by
^r(P***) + (p*fc*M3) = Yefff* ~ mm(max(yeff,OA),l.O)p*0a)*k* + [(P* + Gk^^] (A-27)dk*
(A.26)
A.3 Transport equation for the specific turbulence dissipation rate (&>)
The equation for the specific turbulence dissipation rate is given by the following equation: 
d , , d , , a _ ^
Similar’ to the manipulations for the /.'-equation
(pm) - [pc
Hi
+■^}hl+,w•)^i\+pS• (A.28)
# I
a- 8 X (A.29)
^(p’-X) (A.30)
and
dr. \dk-, 1 <3 r, * 'Umd(Q
dXj dxj J C dx'j C2 dx'j
r Uoo-, d r. „
(A.31)
The production and dissipation terms are written as
p—P = p-pc * TJPt Pjp^U^c
a rpjuJk
c1
r U~i (A.32)
Considering that
U2j3p(02 = [p~-y] • ftp*®*2 
c
POT c3 1
n tfl “ Re
(A.33)
(A.34)
the resulting dimensionless equation for the Q) is given by
(P*o>*) + -/tp®*2 +P*|k+[(P‘+<w4)S5m*
5c /tf
(A.35)
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A.4 Transport equation for the intermittency (y)
The equation for the intermittency (y) is given by
d . , d£(PY) + £j(PW) = rp [(p + crMr)^]
where the term of the left side of the equation and the dissipation term are given as
l(pr) = [P.!±}.±(P-r),
(A.36)
(A.37)
^(py,,,) = [p^] • A(pXr)
and
dXjL Gy d.Xji
1 ^ r/ * Mr J ^7 = ~ ^—[(M M» +
C OXj Gy C OXj
-
(A.38)
(A.39)
For the the production and dissipations terms of the intermittency (y) equation some extra functions have to be 
estimated. The functions Fieng,i„ Fomet and Fn,rb are dimensionless.
Hence the production terms would be estimated
Myl —Oil Fjengfh pS\yF(mset\ ' ~
= [P“ ^ ] 'Ca\P S f‘length[YFonset] '
Pyi = Ca2 pQ Y^iiirb 
r Uoo -i— [P°° ] ‘CalP ^ yFturb
C
and
£n = [p.^]-*i/>;.r
Eyi = [poo^] ■e2Py1y
The following equation has to be taken under consideration
jLLoC 11
_ pmUmc2 ~ _ fa
C
(A.40)
(A.41)
(A.42)
(A.43)
(A.44)
Finally, the dimensionless equation for the intermittency (y) can be written as
d_
dr (P'r) + £(P'ruj) = />„ + ~ [(p' + %)£]
dy
(A.45)
A.5 Transport equation for the local momentum thickness Reylonlds num­
ber {ReQy)
The second transport equation of the k: — ft) — y — fas, model is the transport equation for the transition momentum 
thickness Reynolds number Rcq, which is given as
d d d d-^(pfae,) + -^(pfae,Uj) =Pet + -^r ^Ge,(p + PT)-^(Ree,)^ (A.46)
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The left hand side of the equation is becoming dimensionless as follows
r?-(pufleet) =
The dissipation term is written as
(A.47)
(A.48)
(A.49)
dxJ
For the non-dimensionalisation of the production term the following has to be considered
500u SOOtt* u„
hcale ~-^j2= (A-5°)
which has dimensions of time. In order to make it dimensionless, tscaie has to be divided with time (jj-), hence
'scale
500/1* j&o
_ tscaie __ p*U*2 p~U2
-£_ JL
= - 500f‘* 1
(A.51)
pcoU^c p*U*2 Re
Hence the production terms can be written as
Pet = cetj(Reet-Re6l){l~Fet)
~ cQt^ (R^ei — Reet){l — Fot)
'scale U„
(A. 52)
£/«= [p»-"5]—/?efl/)(l — Ffl,)
'scale
Finally after die appropriate simplifications,—4^- = it, the equation for the Rep,
-(p-Reo,) + JL.(p‘Ree,u'j) - Pe, + [(P’ + ]
dt
dReoi'
*5
(A.53)
Appendix B
Positive Fourier series used for flapping and 
pitch
B.l Equations for the calculation of the velocity field for forward and hover 
conditions
In forward flight, the rotor blades experience a number of other movements besides the rotation. In most modern 
helicopters, the rotor blades are attached to the rotor head by a set of hinges, a flap hinge which allows the blade to 
(lap up and down, the lead-lag hinge which allows the blade to do an forward or backward motion and the feathering 
hinge which is used to change the blade pitch. Hence, when the velocity field has to be taken into account, the extra 
motion of the blade has to be taken into consideration.
Lead-lag
Flapping
Rotate
y
Figure B.l: Schematic of the rotor transformation.
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Initially, the blades rotate and in each azimuth angle the velocity of the speed will be the sum of the free stream 
velocity and the velocity due to the xotation. rpj is the rotational speed and is given by:
Uncw — Ugirf + COy/ X /' — Uold “t"
where the rotational speed is given by
i j k
0 0 —G)z
x y z
Ufip = G)ZR =$>
1 ©7#
Uiip _
The cross product from eqn. (B.l) is calculated as
COpXt-^
i j k 
0 0 ~coz 
X )’ z
■ ya>zi-xCDj
Hence the new non-dimensional u component of the velocity would be
/ / fife / 1
11 new ~ 11 old "h jj y — 11 old ^
vnew ' old' uj Uold HRX
where the z component of the velocity remains the same.
Considering that the flapping angle is defined by a positive Fourier series :
(B.l)
(B.2)
(B.3)
(B.4)
P(W) = Pq + Pissm(\ir) + plccos(\lf) +... (B.5)
where /3q is the collective pitch and only the first positive harmonic terms are considered.
The new velocity vector will be given by
Unew + xr
where the cross product is calculated as
(Dp x r =
i j k
0 COy 0
a* y z
= —ZGKi + X(Dvk
The rate of rotation about the y axis (&>v) is given as
dt dyr dt zdy/
= % (piscos(yf) - /3i(;,sh?(i//))
= J^(hcos(V)-
and
The new velocity components will be given as
lhiew lIold ~ jJ ^ llold 4” (j^lscos{ty) Z
= w>old + JJ~X = Kid ~ ^ (phcos(y) ~ Picsm(\ff)^x
(B.6)
(B.7)
(B.8)
(B.9)
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For the pitch, the same idea is followed. The pitch angle is given by the equation
d(W) = 0o + 6issm(\f/) + $iccos(yf) + ...
where the positive series are considered rather than the negatives.
The rate of rotation about the x axis will be
dG dG dw dG
(0.x = — = ---------- = (Oz~—
dt dy dt d\}f
Finally, the new velocity components will be
U„ Uold T £0.v ^ r------
'old
V'-old [/„
w'om+my
z =
'old
v'old ~ Jr^^os\\}/) - Qlcsin{y))z
Kid + in? (0i*cas(vO - 0icsin(v))y
B.2 Equations for the calculation of the velocity field during hover
In hover, the blade encounters a constant blade normal velocity and as a results no pitch is needed, 
constant collective is considered, them the velocity field is estimated by the equation:
Unew — Uold T (Om X r — U0i(i +
i j k 
0 0 -coz 
X y z
The rotational speed in the z axis during the hover is calculated by the following equation
Utip = cozR ^ ^
Hence the new non-dimensional u component of the velocity would be
i r (Oz i y
llnew 11 old jj . y llold ^
/ / f ^
vnew ^old — 77 X ~ Uold ~ ~n 
Utip A
where the z component of the velocity remains the same.
(B.10)
(B.ll)
(B.12)
(B.13)
Moreover, if
(B.14)
(B.15)
(B.16)
Appendix C
Wind Tdnnel Experiment
C.l Wind tunnel
All experiments were conducted in a low-speed, open circuit, wind tunnel located in the Aerodynamics Laboratory of 
the University of Liverpool. This wind tunnel was previously used by many researchers, e.g. Abu-Ghannam circa 
1980 and Huang in 2006 for the investigation of transitional boundary layer. An overview of the wind tunnel can 
be seen in figure (C.l). At the end of the tunnel a four-bladed propeller draws air through the working section. The 
electric motor can run for long hours at almost constant speed. The settling chamber of the tunnel is attached to the 
laboratory wall and the air intake to the tunnel is guided by two rows of vanes, one at the bottom and one at the top of 
the tunnel. Each row has 17 vanes. To make the flow as uniform and steady as possible there are three more screens 
of 0.8mm wire diameter, and 2.3mm mesh size just after the blades and a honeycomb of 10mm of diameter holes and 
76mm of depth to remove any large scale turbulence and swirl in the flow'93*.
Electromagnetic
Figure C.l: Schematic of the wind tunnel. The different sections are also presented.
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The working section of the tunnel is shown in figure (C.l). The size of the working section is limited to a 
rectangular cross-sectional area of 510mm x 715mm and 1530mm length. At both sides of the working section glass 
windows allow for easy access. The tunnel has an adjustable flexible ceiling that it is consisted of three different 
sections. This setup provides the ability to change the pressure gradients of the working section.
255mmUpper Wall (Wood)Foam Foam
Flow
Direction Flat Aluminium Plate
plate slope695mm
horizontal
175mm
Turbulence
Figure C.2: Schematic of the wind tunnel test section.
C.2 Flat Plate
For the experiment a polished aluminum plate was used. It has 6.35mm of thickness, 1219.2mm length and 711.2mm 
width. At the middle of the plate and at distances 50.8, 279.4, 508, 736.6, 965.2 and 1168.4mm from the leading edge 
six static pressure holes of 0.8mm were drilled. These holes were used to measure static pressure and determine the 
pressure gradient over the plate. The exact location of these taps can be seen in figure (C.2).
50.8 mm
1168.4 min508 mm 736.6 mm279.4 mm
50.8 mm
Trailing
edge
lauding
edge
Figure C.3: Schematic of the flat plate and locations of the pressure taps.
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The leading edge of the flat plate is designed to ensure that separation docs not occur. It has a major chord 
of 50mm and a minor of 6.35mm with the elliptic 0.8mm nose radius. The shape of the leading edge can be seen in 
figure (C.2). The flat plate is resting on adjustable legs, and the plate was inclined by 0.5 degrees slope to avoid flow 
separation.
Figure C.4: Schematic of the leading edge of the flat plate.
C.3 Turbulence Grids
The wind tunnel can be equipped with different types of turbulence-generating grids. These grids were placed at 
695mm upstream of the flat plate leading edge. The grids can create estimated turbulence levels in the range of 0.93% 
to 5.19%. The characteristics of the grids can be seen in tables (C.l) and (C.2).
Grids Material Bar Width (mm) Bar Type Mesh Size Mesh Type
G1 Galvanised Steel 1 Circle 12.5 Square
G2 Bright Steel 3 Circle 19 Square
G3 Wood 4 Square 9 Vertical Bars
G4 Wood 9.5 Square 9 Vertical Bars
G5 Wood 5 Square 25 Square
G6 Wood 13 Square 50.5 Square
Table C.l: Materials and characteristics of the grids.
To obtain an accurate prediction of the produced turbulence level, Roach’s equation1941 was used.
7w = C(^)~* (C.l)
where d is the diameter of the wires and bars from which the grids are created while x is the distance downstream the 
grid. Parameter C is based on the shape of the grids and for the two first grids of table (C.2) 0.8 is used while for the 
remaining 1.13 was the selected value.
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Grids Material Constant C Open Area Ratio (%) Tu (%) at leading edge
G1 Galvanised Steel 0.8 84.6 0.93
G2 Bright Steel 0.8 71.1 1.23
G3 Wood 1.13 55.5 2.24
G4 Wood 1.13 55.5 4.58
G5 Wood 1.13 64 3.12
G6 Wood 1.13 55 5.19
Table C.2: Characteristics of the grids.
C.4 Traverse gear
In order to measure the boundary layer over the flat plate, a special traverse gear was built which can be seen in figure 
(C.4). Inside the gear, a linear stepper motor was controlled either manually or by means of a computer program. 
The motor has a fine linear movement of 0.00254mm per step and it was arranged to 200steps per revolution. The 
spreadsheet of the motor can be seen in figure (C.4).
Figure C.5: The traverse gear used in the experiment.
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Figure C.6: Characteristics of the step motor used in the traverse gear.
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Knowing the length of the linear movement for each step of the motor and the length of the axes inside the 
traverse gear, the movement of the hot-wire can be calculated. The liner movement of the stepper motor is transformed 
in rotation at point A and that rotation is transferred into points B and C. The angle (0) that the point turns (points B 
and C on figure (C.4)) can be calculated as
9 = tan ((AB)
0.0254 
50 ^ (C.2)
and then the height can be calculated as
h = (CD) •tan(d) = 100 tan(6) = 0.0508mm 
Schematic (C.4) shows how the height from the surface of the flat plate was calculated.
Linear move (mm)
Stepper
motor 50mm
100mm
100mm
Normal
move
(mm)
(C.3)
D
Figure C.7: Diagram for calculating the height of the hot-wire probe.
To control the traverse gear, a Labjack U12 instrument is used which can be seen in figure (C.8). This is a 
device specifically designed for data logging applications with 8 analog input signals and 2 outputs and a number of 
digital input/output.
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Figure C.8: Labjack U12
C.5 Manometers
A single manometer was used to measure the reference velocity of the wind tunnel and to calibrate the hot-wire probe. 
This manometer was set to 30° inclination with the vertical. The liquid inside the manometer is ethanol and it can be 
adjusted by a micrometer at the back of it.
Figure C.9: Manometer connected with the pitot tube. The manometer is tilted by 60°.
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Another multi-manometer was used to measure the flat plate surface static pressure during the experiment. 
It has a minimum of 2mm reading scale and a minimum inclination angle of 30°. On the same multi-manometer, 
pressure taps on the walls of the settling chamber and the diffuser of the wind tunnel, are also connected.
Figure C.10: Multi-manometer used for measuring the pressure at the surface of the flat plate. The Multi-manometer 
is tilted by 30°.
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C.6 Electronic circuits
A set of devices were used during the experiment. These were a constant temperature anemometer (CTA), a digital to 
analog converter (DAC) and a data logger. Information relative to these is given below.
C.6.1 Constant Temperature Anemometer
During the experiment, a MiniCTA system manufactured by Dantec Dynamics was used as can be seen in figure 
(C.6.1). This constant temperature anemometer was selected due to its size as it is a miniature of the usual anemometers 
and is effective in diagnosing the characteristics of the flow. It is designed for measurements of velocity and turbulence 
in subsonic flows. This anemometer can accept probes with cold resistance up to 10 Ohms. The overheat setup and 
signal conditioning can be performed via dip switches and jumpers inside the box. The overheat can be calculated 
using a Microsoft Excel spreadsheet which can be downloaded from the Dantec Dynamics web site. Providing the 
anemometer serial number and the data from the probe container (C.3), the spreadsheet calculates the decade resistance 
and displays the setting for the switch. These are shown in figure (C. 12).
Figure C.l 1: Dantec Dynamics mini constant temperature anemometer.
C.6.2 Data Logging device
For data logging, the National Instrument USB-6009 DAQ (Digital to Analog Converter) was used. It is an affordable 
data acquisition device with plug-and-play USB connectivity and it can be seen in figure (C.6.2). NI USB-6009 is an 
easy-to-use device specifically designed for data logging applications. It provides the capability to log real time data 
with 14-bit resolution and export them to a computer.
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Mini-CTA 54T30: Selecting and adjusting overheat
CTA identification prb.001 ch.1
9054S4011 | Org. 98052&TSV
Rev. 081124/TSV
IJoter
Insert probe specific parameters etc. 
Sensor resistance, R-c 3.24 n
Sensor lead resist., RL 0.50 fi
Support resistance, Rs 
Cable resistance, Rc 
Sensor TCR,
Desired wire temp., Tw 
Temperature of flow
o.oo n 
0.20 n 
0.36% /K 
242 *C 
17 *C
•ton sts^-san 
Cable <JS6fi.AlB£3 
Standard fi/P:'5.tgt- 
-vre stissm temperatuir 
Tefaceroture d-iirao measuierren*
Calculating wire operating resistance etc.
Over temperature, AT 225 *C
Operating resist, Rw 5.83 n
Total resistance, RT 6.53 n
Overbeat ratio, a 0.80
Bridge ratio, M 1:20
Decade resistance, Ro 130.6 n
mg mi
3 2 1 3 2 1
SW1 SW2
Figure C.I2: Spreadsheet to define the dip switches and jumpers inside the miniCTA.
Figure C.13: National Instrument USB-6009 Digital to Analog Converter.
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C.7 Hot-wire Probe
For measuring the instantaneous velocity and direction in two-dimensional flows, hot-wire probes produced by Dantec 
Dynamics were used. It is a single-sensor cylindrical wire probe with a gold-plated tungsten wire of 1.25mm length 
and 5jU/m diameter as shown in figure (C.14).
Boundary layer type
Figure C.14: Hot-wire anemometer.
The probe has to be mounted with the probe axis parallel to the direction of the main flow, so that the predom­
inant flow vector attacks in the prong plane and is perpendicular to the fiber. An important characteristic of the probe 
is the operating resistance Rw. The sensor operating resistance given by:
Rw = R20 + oc2oR2o(Tw - 20) (C.4)
and is calculated on the basis of the sensor operating temperature Tw, the sensor cold resistance /?20 and its temperature 
coefficient of resistance TCR ccio- This information can be obtained from the probe manufacturer and is given below,
Tw (°C) Rio (^) a20 (%/K)
250 3.24 0.36
Table C.3: Characteristics of the hot-wire probe.
C.7.1 Hot-wire Calibration
While the hot-wire probe is a very accurate flow measurement method, it has to be calibrated using manometers. This 
procedure is crucial because the conditions in and outside the test section change from test to test. This calibration 
establishes a relationship between the measurements from the hot wire and the pitot tube. It is performed by exposing 
the probe in a known set of velocities and then recording the voltages. This way an appropriate correlation between 
velocity and voltage from the hot-wire will be obtained. The voltages from the hot wire (E) and the velocity (U) 
estimated from the pitot tube are collected in a table and a polynomial curve fit through that points is used. During 
the experiment, two types of equations are used, a cubic transport and a power law equation. The latter one is known 
as King’s Law and is given by E2 = A + B* Un where A and B are constants and an initial value of n is n=0.45. An 
example of the hot-wire calibration with the use of trendline equation can be seen in figure (C.15).
C.7.2 Hot-Wire Errors
During the calibration of the hot-wire and experiment several errors may occur. These errors are basically due to 
changes to environmental conditions like humidity and temperature and are difficult to reduce.
Another error observed during the experiment is the wall proximity effect. This error appears as the hot-wire 
probe approaches the surface of the flat plate. The hot-wire probe uses a very fine wire which is heated or cooled by 
the air passing around it. The temperature of the plane is cooler than the hot-wire and this gives an additional heat 
loss. This proximity effect can be seen in figure (C.7.2).
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Figure C.15: Calibration line using a polynomial fit.
A change of the hot-wire voltage occurs as its distance normal to the wall is increased. The change of the 
voltage is significant for up to y= 4mm from the plate. From that height and above there is a small change but it is not 
important.
In order to eliminate this error the Will’s correlation 1911 has been used. This correlation corrects the readings 
of the hot-wire. Will's correlation is:
Kw = Rem - Renc (C.5)
where Kw is a function of the height above the flat plate. Rem and Rec are the wire Reynolds number based on measured 
and corrected velocity respectively and n is equal to 0.45. The function for the Kw is given as
= e.rp[L678- L229(--)a319] (C.6)
where r is the hot-wire radius.
Figure C.16: Change of the hot-wire voltage as the probe moves away from the wall at external temperature of 25 
degrees. Zero flow.
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C.8 Lab VIEW and C Programming
In order to control the traverse gear and the normal movement of the hot-wire probe. Lab VIEW was used. LabVIEW 
provides an interface that helps to control the traverse gear and store data. Figure (C. 17) shows the interface developed 
for this experiment. The interface can include knobs, buttons, warning indicators and paths where the data will 
be stored. To create this interface, LabVIEW provides a number of tools and functions for acquiring, analysing, 
displaying and storing data from the hot-wire and which are written in the form of code.
Square signal for motor
Initial and 
desired height
Number of samples 
and frequency
Direction of 
the movement
Buttons to record 
first and all files
Name of the / 
data file
Figure C.17: Front panel of the virtual instrument.
A schematic for the correct estimation of the intermittency and other boundary layer parameters using the wind 
tunnel can be seen in figure (C.18).
For the connection of the hot-wire probe with the computer, a National Instrument USB-6(X)9 DAC was used 
while for the control of the traverse gear a Labjack U12 equipment was connected. Both peripherals have their own 
internal programming functions which were included during the development of the LabVIEW code.
The user has to provide a number of inputs before the data logging begins. Initially, the user has to define the 
channel from where the program will log the data and then he has to move a knob which defines the direction that the 
traverse gear will move along. Then the initial height from where the probe will begin logging, the total height that it 
will move as long as the number of check points along the normal movement have to be defined. These check points 
define the locations where the hot-wire probe will acquire the data. Knowing the desired height, the normal height 
that the probe moves in each pulse and the number of check points, the program calculates the number of pulses that 
requires to reach each point. Based on the number of iterations, a square wave is created through the basic function 
generator. This function of LabVIEW requires knowledge of the amplitude and frequency of the square wave. Due to 
the fact that the stepper motor requires a voltage of 5V, a half amplitude of 2.5V was provided to the basic function 
generator. The outcome is passed in the EAmlogOut which sets the voltage on the output output. The latter function
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Polyline
Data Logging
Plot data
Define
Calibration equation
Record
Pressure/Temperature
Define
Maximum velocity
Calibration
Calculate intermittency 
boundary layer parameters
Prepare data.
Calculate RMS & mean values
Figure C.18: A road map for the correct conduction of the wind tunnel experiment.
defines also the direction that the probe will move either by setting OV at the output and moving it upwards or by 
setting it to 5V where the probe moves downwards. In order to define the home position, the EAnalogln function was 
used to read the voltage from the first analog input. As soon as the voltage from this input falls below a specific value, 
in this case 4.9V, the program assumes that the traverse gear has reached its home position, it stops the movement of 
the traverse gear and activates a warning light.
When the iterations reached the desired position for a test point, the program stops the movement of the probe 
and initiates the logging of the data. The user has to define the number of samples and the sample frequency. The 
program opens the selected channel, reads the data and then stores these in a file of the format seen below. The function 
’’Write to Measurement File” is used and two columns of time and voltages are written. At the first row, the initial 
height of the probe and the mean value of the voltages are provided. The user provides the name of the file and the 
name of the folder where the data will be stored. Also, by pressing the appropriate buttons, the user can move the 
probe without logging any data or log data from the initial probe location or even move the probe back to its home 
position.
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The following figures ((C.19)-(C.21)) present the block diagram of the LabVIEW virtual instrument.
rs*--*
Calculation of the steps based 
on the desired height
Calculation of the g, 
steps based on 
the desired 
frequency
Function to write 
the first file of data
Figure C.19: Block panel of the virtual instrument, showing the functions responsible for reading the parameters.
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Function to open the signal, read the data and write them on a file
Function 
to movel 
the
traverse <■ 
gear to 
home 
position
Creation 
of the 
signal in 
order the 
^ step 
motor to 
move
Calculation of the height Switch for the direction
Figure C.20: Block panel of the virtual instrument, showing the functions for the signal generation and data logging.
Definition of Function to write
data in filemeasurements file name
Port for reading
the signal
Figure C.21: Block panel of the virtual instrument, showing the functions for data logging during the moment that the 
hot-wire remains idle.
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During the test, a number of displays are used, showing the height of the probe during the data logging phase.
LabVIEW Measurement 
Writer_Version 0.92 
Reader_Version 1 
Separator Tab
Multi_Headings No 
X_Columns One
Time__Pref Absolute
Operator Giorgio
Date 2010/03/08
Time 16:17:56.3126
***End_of Header***
Zografakis
Channels 1
Samples 10000 
Date 2010/03/08
Time 16:17:56.328125
Y_Unit_Label Volts 
X_Dimension Time
X0 O.OOOOOOOOOOOOOOOOE+O
Delta_X 0.000100
***End_of_Header***
X_Value Devl/aiO Comment
0.000000 
0.000100 
0.000200 
0.000300 
0.000400 
0.000500
2.407497 
2.405587 
2.406224 
2.401769 
2.397314 
2.397314
0.500000 2.397002
Before manipulating the data, the user has to create two initial files that would provide the post-processing 
codes with the necessary input. Tables (C.8) and (C.8) present examples of these initials files. The number of steps/y- 
locations, the initial height, number of samples, frequency, pressure and temperature of the experiment are included in 
these files. Also, the user has to define a deviation factor and a window for the signal. Based on the method selected 
for the calculation of the velocity, the user has to provide the four parameters of the trendline or the Eq (or A), b (or 
B) and the n parameters for the King’s Law (E2 = A + B * Un).
Number of y locations 50
Initial station 45
Initial height 0.05
Initial voltage 1.422495
Number of samples 150000
Frequency 10000
Temperature 21.5
Pressure(mmHg) 746.2
Deviation factor 6
Window of signal 0.1
factor for 3rd power 25.76513
factor for 2nd power -112.538935
factor for 1st power 169.178568
factor for 0 power -87.094746
Table C.4: Example of the initial file for the polynomial method.
In order to process the data, two different programs written in C language have to be used. Each of these 
programs are divided based on the method that is used for the calculation of the velocity. The name of the executables 
and the commands that have to be given, can be see below.
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Number of y locations 50
Initial station 45
Initial height 0.05
Number of samples 150000
Frequency 10000
Temperature 21.5
Pressure(mmHg) 746.2
Deviation factor 6
Window of signal 0.1
E0 - King’s Law constant 1.422495
b - King’s Law constant 0.754356659
n - King’s Law constant 0.487202
Table C.5: Example of the initial file for the King’s Law method.
For the case where the King’s Law is used, the following command should be used: 
./WTC_PRE_DATA_KING.EXE meas„140211_x0045
and followed by:
./WTC_DATA_KING.EXE velo.dat.KL meas_140211_x0045.Is
For the case where the polynomial method is used, the command to execute is:
./WTC_PRE_DATA„TRENDLINE.EXE meas_140211_x0045 
followed by
./WTC„DATA„TRENDLINE.EXE velo.dat.trendline meas_140211_x0045.Is
The C program WTC-PREJDATA is the first executable that has to be run. The program reads the data for 
each step and provides a file where all information will be concatenated. The new file that would be created would 
be named as {data-name}.ls.h{step}.dat. The file will have four columns where the first one will be the time of the 
measurement while the second one includes the voltage that the hot-wire has measured at each step. For each vertical 
position, and for every time step, the velocity is calculated based on either Kang’s Law or the polynomial method and 
it is included at the third column of the file. The latter values of velocity are correct for the case that the hot-wire is 
at the free-stream. As the hot-wire is close to the surface of the flat plate, a correction has to be taken into account in 
order to avoid the wall proximity effect. For this reason, the Will’s correlation (see eqn.(C.5)) has been used.
The second file, this program creates, is called velo.dat and includes the information for all steps of the specific 
station. The file includes five columns where the first one indicates the height of each step/y-location starting from the 
first y-location that the user has initially defined. The following columns include the mean values and the RMS values 
for the velocity and the voltage. The mean velocity is calculated as the average of tire points while the RMS is
Units
■gS>("))2 ,.2
30000
(C.7)
The second C program WTCJDATA is used to produce the required information for the specific station of the 
boundary layer. It requires the velo.dat and the name of the file with the concatenated data {data.Jiame}.ls. The 
velocity values from the velo.dat are used in order to obtain the boundary layer integral parameters. Hence, the 
displacement thickness, 5* and the momentum thickness, 6, are given as
and
(C.8)
(C.9)
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where 8 is the height where the local velocity reaches 99% of the free-stream velocity (Ufr).
The displacement and momentum thickness easily allow for the calculation of the shape factor as the ratio of 
5‘ and 6
The skin friction coefficient Cy is calculated using
(C.10)
Cf =
^),v=0
\pU2
(C.ll)
where ^|v=o is the graduate of the velocity with wall distance. The calculation uses an average of the first five 
velocities.
The next step is to remove low frequency waves and filter the signal through a high-pass filter before calculating 
the intermittency. The intermittency factor (y) is defined as
Intermittency =
Turbulent Time Period 
(Turbulent + Laminar) Time Period
(C.12)
f > 0.9
Figure C.22: Hot wire traces at three levels of intermittency (y)
Figure (C.22) presents hot wire signal traces for favorable pressure gradient and for high levels of free-stream 
turbulence. Observing the traces, it can be seen that low amplitude instabilities are present in the laminar portions of 
them. In order to distinguish the laminar and the turbulent portions of the signal, the unwanted frequencies have to be 
removed. This is the reason a high pass filter is applied. As was mentioned in earlier studies1951 a window size of 10% 
of local mean velocity was used. The size and the residence time of the signal in the window dramatically effects the 
intermittency factor. The size of the window designate the parts of the signal that are outside the window as turbulent 
while those parts of the signal inside the window as laminar. If the window is too large, then transition is detected 
later than it appears, while if the size is considered too small, then the results have the inverse effects and transition is 
predicted earlier. Similarly, the residence time is the minimum permissible time between two turbulent bursts and has 
to be considered properly otherwise it will have effects on the calculation of transition. For this study a time period of 
=^sec is considered.
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For the high pass filter, a frequency of was selected (U is the free stream velocity and d denoted
the boundary layer thickness). This frequency was selected as it is the frequency of the largest vortices that can be 
accommodated in the boundary layer.
The output of this program contains information about the skin friction, boundary layer height and momen­
tum thickness along with the turbulence intensity and the local Reynolds number. Also, a new file under the name 
gamma, dot is created and includes for each vertical step of the station the value for the intermittency as long as the 
mean, RMS and fluctuations values for the velocity and the voltage respectively.
C.9 Wind Uninel Measurements
The following table (C.6) presents the free-stream turbulence intensity created at the leading edge of the flat plate. 
These results are for different type of grids. GO is the case where no grid is placed in the wind tunnel.
Grids Tu(%) at
leading edge ZPG
Tu(%) at
leading edge FPG
Tu(%) at
leading edge APG
Grid
Blockage (%)
GO 0.744 0.968 0.56116
G1 1.188 1.4421 1.0282 10.66
G2 2.173 2.2688 1.6748 31.42
G3 2.154 2.3928 1.2942 30.59
G4 5.485 5.2314 3.3993 26.84
G5 3.002 3.02 2.3528 31.16
G6 6.45 7.3684 5.2609 47.113
Table C.6: Free stream turbulence intensity for the different grid cases. ZPG: Zero Pressure Gradient, PPG: Favorable 
Pressure Gradient, APG: Adverse Pressure Gradient
The following tables present the onset of transition for the different cases. Table (C.7) show the onset of transi­
tion based on the empirical correlation model of Michel. In order to estimate the onset of transition, the experimental 
data from the six different free-stream turbulence intensities and three pressure gradients were used for estimating the 
momentum thickness and the local Reynolds number required for the Michel criterion. It is characteristic that for the 
zero pressure gradient and as the free-stream turbulence intensity increases, the onset of transition is moves forwar d 
closer to the leading edge. This characteristic behavior is observed for the favorable pressure gradient (FPG). In the 
case of the adverse pressure gradient (APG) the onset of transition is estimated near to the leading edge.
Grids Xswn [mm] 
Michel ZPG
Xsmn [mm] 
Michel FPG
Xsrart [mm] 
Michel APG
GO 745 45
G1 595 795 45
G2 395 295 45
G3 295 295 95
G4 245 195 95
G5 295 295 45
G6 95 195 95
Table C.7: Onset of transition flow based on Are empirical correlation model of Michel. Comparison between the three 
different pressure gradients, zero (ZPG), favorable (FPG) and adverse (APG).
The onset of transition flow based on the Cebeci Smith criterion can be seen at the table (C.8). A similar 
behavior as for the Michel criterion is observed.
Table (C.9) presents the onset of transition based on the experimental data. As the transition location is con­
sidered to be the point where the intermittency (y) has values higher than 0.1. In comparison with the previous tables, 
it can be seen that the onset of transition is estimated slightly earlier than with the empirical correlations for the zero 
pressure gradient.
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Grids Xsrart 1mm]
Cebeci and Smith ZPG
xstan [mm]
Cebeci and Smith FPG
Xstan [mm]
Cebeci and Smith APG
GO 695 45
G1 395 795 45
G2 345 295 45
G3 295 295 95
G4 295 195 95
G5 195 195 45
G6 95 195 95
Table C.8: Onset of transition flow based on the empirical correlation model of Cebeci Smith method. Comparison 
between the three different pressure gradients, zero (ZPG), favorable (FPG) and adverse (APG).
Grids Xstan tmm] 
Experimental ZPG
Xstart Irnni] 
Experimental FPG
Xs,an [mm] 
Experimental APG
GO 595 - 95
G1 595 595 45
G2 295 295 45
G3 195 195 95
G4 95 95 45
G5 145 195 45
G6 95 95 45
Table C.9: Onset of transition flow based on experimental data. Comparison between the zero (ZPG), favorable (FPG) 
and adverse (APG) pressure gradients.
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The following figures (C.23) and (C.24) show the transition onset momentum thickness Reynolds number as a 
function of the pressure gradient for constant values of turbulence intensity and compare the experimental data against 
data by Abu-Ghannam and Shaw1631. The plots show the limitation of the experiment with the current configuration as 
the experimental data don’t show the sparsity of the data derived from the Abu-Ghannam and Shaw'63' experiments.
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Figure C.23: Transition onset momentum thickness Reynolds number (Reg,) as a function of pressure gradient (Aq) 
for constant values of turbulence intensity (Tu).
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Figure C.24: Transition onset momentum thickness Reynolds number (Reet) as a function of pressure gradient (Ag) at 
constant values of turbulence intensity (Tu).
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The following figures present the intermittency factor and the velocity profiles for different frec-strcam turbu­
lence intensities and pressure gradients. The height is non dimensionalised with the boundary layer thickness of each 
station while the comparison of the data is shown for the same location on the flat plate. The location was selected 
as it is in the middle of the test section and at the same x location as the Pitot tube. Figures (C.25(a)) and (C.25(b)) 
show the results for the free-stream turbulence intensity of Tu(%) = 1.41. It is obvious that in this station, the flow is 
considered as fully turbulent. From the comparison of the intermittency factors, it can be seen that the thickness of the 
boundary layer is higher for the case with the zero pressure gradient. This can be justified based on the height where 
the intermittency becomes zero and the highest case is for the zero pressure gradient case.
(a) Intermittency factor (b) Velocity profiles
Figure C.25: Intermittency factor and velocity profiles as a function of height for the station x:595. The G2 grid is 
used (Tu(%) = 1.41,/?e, = 1.15 x 106).
Increasing the free-stream turbulence intensity to Tu(%) = 5.19, the flow can be considered as fully turbulent. 
The results can be seen in figures (C.26(a)) and (C.26(b)). Comparing the results with the previous case, it is obvious 
that the boundary layer thickness is smaller than the case of Tii(%) — 1.41. The case with zero pressure predicts more 
intermittency in comparison to the adverse pressure gradient case.
--------------
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(a) Intermittency factor (b) Velocity profiles
Figure C.26: Intermittency factor and velocity profiles as a function of height for the station x:595. The G6 grid is 
used {Tu{%) = 5.19, Rex = 3 x 106).
As it was seen on figures (C.23) and (C.24), the existing experimental data do not show the sparsity observed 
in the Abu-Ghannam and Shaw'63' experiments. Combined with the lack of time, the experiments should be repeated 
in order to achieve better agreement with the experimental data derived from Abu-Ghannam and Shaw.
Appendix D
Overview of the HMB flow solver
D.l Introduction
The Helicopter Multi-Block (HMB CFD code is a sophisticated computational tool able to perform analysis for a large 
number of applications. The HMB solver was developed at University of Liverpool and it is a living organisation in 
which new characteristics and tools are added continuously.
The HMB solves the Reynolds Averaged Navier-Stokes equations on block-structured grids using a cell-centre 
finite volume approach combined with an implicit dual-time method. This means that the solution marches in pseudo­
time for each real time-step to achieve faster convergence. The computational domain is divided into a finite number 
of non-overlapping control-volumes, and the governing equations are applied in integral-conservation form at each 
cell. For imposing boundary conditions or to allow communication between adjacent block, two layers of halo cells 
are used in HMB solver.
The solver has a library of turbulence closures which includes several one- and two-equation turbulence models 
and even non-Boussinesq version of ^ — ft) model. Turbulence simulation is also possible using either the large-eddy 
or the detached-eddy approach, Lately, the effects of roughness and transition were included in the HMB. The solver 
was designed with parallel execution in mind, hence the MPI library along with a load-balancing algorithm is also 
used.
D.2 Data Structures
The HMB solver has to operate with a large amount of data produced from the models and the test cases. Hence 
an extra attention has to be taken during the manipulation of them. The addition of extra functionality into HMB 
requires that extra data have to pass through many different layers of subroutines. Hence, a specific data structure 
has been added. Above all is the global data structure which is constant for all blocks and contains all the data of the 
block. Below this data is a structure which contains all the information about all the blocks in the mesh. Each block is 
connected to six sides and each side has a structure related to faces. An overview of the data structure into HMB can 
be seen in figure (D.l).
D.3 Implicit formulation
A unique feature of HMB is the implicit time-marching technique that is used and which comes in contrast to the 
mainstream flow solvers that rely on explicit methods and multi-grid algorithms for convergence acceleration. As it 
was already mentioned, the Navier-Stokes (NS) equations are discretised using a cell-centred finite volume approach. 
The computational domain is divided into a finite number of non-overlapping control volumes, and the governing 
equations are applied to each cell in turn. The spatial discretisation of the Navier-Stokes equations leads to a set of 
ordinary differential equations in time,
(D.l)
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Block Data
Global Data
Block Data Block Data
2nd FaceI*1 Face
2nd Block Side
Figure D. 1: An overview of the global data structure.
where denotes the cell volume and and R,jta represent the cell variables and residuals, respectively.
The implicit dual-time method proposed by Jameson1291 is used for time-accurate calculations. The residual is 
redefined to obtain a steady state equation which can be solved using acceleration techniques. The following system 
of equations are solved in the implicit scheme during the dual-time integration process:
AVAt +
avw;^-avw^
AVAt
OH+l
RiJ,k (D.2)
where AV is the change in cell volume. At is the pseudo time-step increment and At is the real time-step increment. 
The flux residual R"tJ. is approximately defined by:
KiJ,k
dR? 
R/',M + dw
ij,k
By substituting eqn. (D.3) into eqn. (D.2), the resulting linear system can be written as:
(D.3)
(D.4)
where the subscripts i, j, k have been dropped for clarity and AW is used for
The above equation must be solved for each cell of the mesh and provides an update to the vector of variables 
AW as a solution of a system of algebraic equations formulated on the residual on the right side and its Jacobian that 
appears on the left hand side.
D.4 Linear system solution method
The global assembly of the discrete equations over the computational domain results in a system of equations of the 
form Ax-b. The complexity of the direct method to compute a linear system has lead to the use of iterative meth­
ods as Conjugate Gradient (CG) methods which arc capable of solving large systems of equations more efficiently in 
terms of time and memory. CG methods find an approximation to the solution of a linear system by minimizing a 
suitable residual error function in a finite dimensional space of potential solution vectors. A Generalised Conjugate 
Gradient (GCG)1331 method is then used in conjunction with a Block Incomplete Lower-Upper (BILU)1331 factorisa­
tion as a pre-conditioner to solve the linear system of equations, which is obtained from a linearisation in pseudo-time. 
The BILU factorisation is decoupled between blocks on different processors to improve parallel efficiency and this 
approach does not seem to have a major impact on the solution as the number of blocks increases. During the calcula­
tions, a specified number of Euler iterations are executed before switching to the implicit scheme.
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D.5 Jacobian Formulation
For a block-structured mesh, equation D.4 represents a large, sparse matrix which arises from the implicit discretisation 
in pseudo-time. The Jacobian matrix is calculated analytically by repeated application of the chain rule. The residual 
for one cell is built up as a summation of the fluxes through the cell faces. The result of the above is that the Jacobian 
matrix which appears in the left hand side of the discretisation has a number of non-zero entries per row. By trying to 
reduce the number of those non-zero entries has several advantages as the low memory requirements and the reduced 
required CPU-time. With the use of the GCG method, the linear’ system is easier to solve since approximate Jacobian 
matrices can be used that are more diagonally dominant. All equations are solved simultaneously for the next time 
level which allows flexibility if the cross-terms are added to the Jacobian matrix. Advantages of this formulation is the 
lower memory requirements as long as the lower required CPU-time. Solving the Navier-Stokes equations augmented 
with the transport equations of turbulence and transition models, the resulting Jacobian matrix has a given sparsity 
pattern. For one and two equation turbulence models, the block structure is given by
r Boo Bo I
[ #io
The Boo is an 5x5 matrix and is associated with the flow variables of p, u, v, (0 and p. The Bn is either a scalar- 
for a oire-equation turbulence model or a 2x2 matrix for a two-equation model. The term Bqi is related to how the 
fluid variables depend on the turbulent variables while block Bio describes how the turbulent variables depend on the 
fluid variables. Otherwise, one or both blocks can be considered zero and drive to more sparse system. In the case of 
a transition model is in use, an extra row is added. The matrix is given by
#00 Bqi Bq2
Bm Bn B12
B20 Bn B22
where the first row is associated with fluid variables p, u, v, co, p, the second row is related to the turbulent model, k 
and (O, while the last row is related to the LCTM model (7 and Rest)-
D.6 Variable extrapolation - MUSCL
The Monotone Upstream-Centred Scheme for Conservation Laws (MUSCL) was introduced by Van Leer 132J. It is 
a compact scheme which is used to discretise the convective part of the Navier-Stokes equations. In one dimension 
using a uniform spacing, the extr apolation to both sides of the face at / -|-1/2 is
Utn/2 = tf/ + [(1 - Z)A-U/+ (1 +Z)A+U|] (D.5)
<1/2 = Ui+i ~ 1(1 -Z)A+(/(+i + (1 +z)A-£/i+i] (D.6)
where A+I// = Uj+\ — Uj, A_C// = I/,- — 0(r/) is the limiter and /',• — A-Ui/A+Uj, If (p{n) = 0 then this is only
a first order scheme but if 0(?v) = 1 then higher order schemes are activated which are at least second order for all 
values of X-
The current scheme in HMB solver uses the alternative form of the van Albada limiter ^ namely
= <D-7>
it should be noted that this limiter is not second order TVD since for any re (1,2), (j> (r) < 1. Then value of % is set 
to zero giving the final formulation
U^ = U'+2(^5tv^-U‘+^ (D'8>
